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PHYSICAL REVIEW 


PREPARATION OF PRELIMINARY ABSTRACTS 


An article will not be accepted for publication in THE PuysicaL Review unless the 
manuscript is accompanied by an adequate abstract for publication at the beginning 
of the article. This abstract is intended to aid the reader by furnishing an index and 
a brief summary of the contents of the article. Besides serving these purposes it 
should also be suitable for reproduction in abstract journals so as to make it un- 
necessary for the editors of these journals to have another abstract prepared. 


As an index it should be complete; all the subjects, major and minor, concerning 
which new information is presented, should each be given, with sufficient precision 
so that any reader can tell from the abstract whether the article contains anything 
of interest to him. The subject indexes of abstract journals are fundamental in refer- 
ence work. These indexes are prepared exclusively from the abstracts and whatever 
is omitted from the abstracts cannot be included in the index and may thus be lost. 
The writer of an abstract should therefore feel himself under an important obligation 
to his scientific colleagues to make sure that the abstract is accurate and complete, at 
least as an index. 


As a summary the abstract should give briefly the conclusions of the article, important 
advances in experimental technique and theory, and all numerical results of general 
interest that may be conveniently given including all that might belong in a hand- 
book and table of contents. It should give all the information that readers who are 
not specialists in the particular field involved might desire to know about the article 
thus saving them the time and trouble in referring to the article itself. Experience 
has shown that in general the length of the abstract should be from four to eight 
percent of the length of the article. 


Tue PuysicaL REvIEw, 1923-1925, contains many examples of adequate abstracts. 
Most of these contain paragraph titles and subtitles which indicate the subjects 
concerning which new information is given and it is required that authors include 
such subtitles when all the information contained in the article does not refer to the 
subject indicated by the title of the article. Such subtitles may be frequently avoided 
by rewording the title so as to make it more precise. 
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X-RAY WAVE-LENGTHS BY THE DISPERSION IN QUARTZ 


By J. A. BEARDEN 
THE DEPARTMENT OF Puysics, JOHNS HOPKINS UNIVERSITY 
(Received November 24, 1931) 


ABSTRACT 


It has been shown that the quantum theory of dispersion accounts satisfactorily 
for the measured refraction of x-rays. Since the x-ray wave-lengths as determined by 
crystals and by ruled gratings differ by 0.25 percent, the dispersion may be used to 
indicate which of these values is correct. Thus the quantum theory of dispersion may 


be written 
pe Put log(x?—1) 2x v2 
pail oo. oe + eo EB mm 
W m . x? 


ary 


where 5=1—uy, p the density, W the molecular weight, e/m the ratio of the electronic 
charge to mass, F the Faraday constant, N, the number of electrons per molecule of 
frequency v,, x=v/v., v the frequency of the incident radiation, g=h/»., k the damping 
factor which can be obtained from the atomic absorption coefficient. Precise measure- 
ments of the refraction of the copper and molybdenum K series in crystal quartz have 
been made. Both possible methods of using a prism were used. The 90° edge of the 
prism was very carefully prepared. The results obtained are given in the following 


table. 

Method 5x 10° \ (Dispersion) \ (Crystal) \(Gfating) 
1 8.553 1.536A 1.538A 1.542A 

1 6.971 1.388 1.389 1.392 

2 8.560 1.537 1.538 1.542 

2 6.976 1.388 1.389 1.392 
land 2 1.805 0.7089 0.7093 0.7109 
land 2 1.432 0.6315 0.6314 0.6328 


It is difficult to believe that such an agreement between the wave-lengths as deter- 
mined by dispersion and by crystals is entirely fortuitous. The apparent precision ob- 
tained in the ruled grating measurements is so high that the above results must 
indicate a failure of the optical diffraction theory when applied to x-ray wave-lengths. 


HE measured index of refraction of x-rays affords one of the most ac- 
curate tests of any theory of dispersion. Thus recent x-ray measure- 
ments! have shown that the quantum theory of dispersion as developed by 
Kronig,? Kramers, Kallman and Mark’ more accurately accounts for the ob- 


1 A. Larsson, Inaugurald Dissertation, Uppsala (1929). 
2 R. de L. Kronig, Journal Opt. Soc. Am. 12, 547 (1926). 
3H. Kallman and H. Mark, Ann. d. Physik 82, 585 (1927). 
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served values than does the classical theory. The well-known classical theory 
as developed by Drude and Lorentz may be written 


— 


i e- - nN 
p=1-6=— —_—— (1) 
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or 
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where yu is the index of refraction, e the charge on the electron, m the mass, 
n, the number of electrons per unit volume af natural frequency », or wave- 
length A,, v the frequency or A the wave-length of the incident x-rays, p the 
density of the refracting medium, W the molecular weight, F the Faraday con- 
stant, and .V, the number of electrons per molecule of frequency v,. Eq. (2) 
has been used‘ to determine the value of e/m from the measured value of 6. 
Since there is now very little question about the real value of e/m we can get 
some information concerning the real wave-length of the x-rays A. Thus Eq. 
(2) may be solved for A 


4 p e E : N, — 
or = - ~~.) ' (3) 


The approximate values of \ and \, are known. It has been shown that the 
x-ray wave-lengths obtained by using crystal gratings differ by about 0.25 
percent from those obtained by using ruled gratings. While Eq. (3) cannot be 
expected to give precise wave-lengths, it should indicate which of the two 
existing values is correct. It was pointed out above that Eq. (1) does not 
agree as well with the experimental facts as does the quantum theory, but it 
was thought best to indicate the method of determining A in this simpler 
equation, although all later calculations have been made using the quantum 
theory. 

The quantum theory has been put in a very convenient form by Prins.’ 
The index of refraction may be written 


gwt= Bem Das (4) 
1 l 








where a and @ are given by: 
For the region vy, >v 











e= Ny log (1 — x?) P 
a, = 1 + . | (5) 
2am v* x 
e ny,f2— x? 2log (1 — x?) 
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4 J. A. Bearden, Phys. Rev. 38, 835 (1931). 
- ®J. A. Prins, Zeits. f. Physik 47, 479 (1928). 








X-RAY DISPERSION 3 


For the region v >», 
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where x = v/v,;, g is the damping factor divided by v, and e and m are the same 
asin Eq. (1). The >a, corresponds to the 6 used in Eqs. (1), (2) and (3), and 
the imaginary term > Bi is proportional to the absorption of the x-rays. The 
value of g in Eq. (7) can be obtained from Eq. (8) by substituting for 8 its 
value as obtained from the measured atomic absorption coefficient. Since we 
are primarily interested in the region y>v, we can obtain from Eqs. (4) and 
(7) a value of \ similar in form to that given in Eq. (3) or 


, l x? — 1 2 uve 
ow B" ‘| 2 <.— rN! 4 log (x* 1) i =i] (9) 
27 1 
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EXPERIMENT 


There are three methods by which the index of refraction of x-rays may 
be measured. First, the deviation from the Bragg law, second the total re- 
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Fig. 1. Apparatus. Slits S; and S; were 0.015 mm wide and 40 cm apart. The distance from the 
prism P to the plate was about 200 cm. 


flection of x-rays, and third the prism method. Since the prism method is the 
most direct and precise, it has been used in the present experiments. 
The two methods of using a prism for determining the index of refraction 
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can be easily explained by reference to Fig. 1a and b. In Fig. la the x-ray 
beam struck the first face of the 90° prism at a glancing angle slightly larger 
than the critical angle of total reflection for the copper Ka line. The continu- 
ous spectrum of longer wave-length was reflected from this face of the prism 
and was used to determine the angle between the direction of the x-ray beam 
and the surface of the prism. The reflected beam was recorded on a photo- 
graphic plate at A, at the same time the refracted beam was recorded at B. 
The direct beam was recorded at C. Thus the angles a and 8 needed for de- 
termining uw can be obtained from the separations of the lines on the photo- 
graphic plate, and the distance R from the edge of the prism to the plate. The 
index of refraction uw can be calculated from the equation 





COS @ 
pei-t-— _—" (10) 
and for small angles a and 6 this may be written (11) 
5 = B(a — B/2). 


In the second method (Fig. 1b) the x-ray beam struck the second face 
internally at almost zero glancing angle and left at nearly the critical angle 
of total reflection. Stauss® has shown that the refracted beam should be less 
divergent than the incident beam in this case, and all wave-lengths should 
suffer maximum deviation simultaneously. This method, however, necessi- 
tates the precise measurement of a small angular rotation of the prism in or- 
der to determine the angle a. It is obvious from Fig. 1b that 6 can be obtained 
from Eqs. (10) and (11). 

Since the absorption of the x-rays in the prism limits the useful portion to 
a region very close to the edge of the prism it is very necessary that the edge 
be carefully prepared. In order to obtain as sharp an edge as possible a crys- 
tal quartz plate 33 X65 mm was polished optically flat and then cut into two 
pieces 33 X32 mm. These pieces were cleaned and worked together until the 
central white light interference fringe showed that the two polished surfaces 
were in practically perfect contact. These pieces were then placed in a rigid 
clamp, and the edges which were produced when the large plate was cut into 
were ground off until the line of demarcation between the plates practically 
disappeared. This edge was then polished and when the plates were separated 
a microscopic examination of the 90° edge showed it to be very sharp. 

The precise adjustments of the slits, prism and plate holder were made by 
the method described by the writer’? in the measurements of x-ray wave- 
lengths by ruled grating. The location of the edge of the prism on the axis 
of rotation of the prism table was made with the aid of a Michelson interfer- 
ometer. The slits were about 0.015 mm wide and 40 cm apart. The distance of 
the plate holder from the edge of the prism was about 2 meters. The source 
of x-rays was a water-cooled copper or molybdenum target Coolidge tube 


° H. E. Stauss, Phys. Rev. 36, 1101 (1930). 
7 J. A. Bearden, Phys. Rev. 37, 1217 (1931). 
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with a small focal spot. The tube was operated at about 10 m.a. and 30 kv 
peak. In order to reduce the exposure time to a minimum, a simple calcula- 
tion shows what fraction of the primary beam should be absorbed. The ad- 
justment of the prism to absorb this fraction was easily made with the aid of 
an ionization chamber. 

The exposures varied from 30 min. to three hours, depending upon the an- 
gular deviation of the refracted beam. Eastman x-ray plates were used for re- 
cording the positions of the various x-ray lines. The separations of these lines 
were measured with a calibrated comparator. Measurements were made on 
both the unresolved Ka doublets and the K@ lines. The average wave-length 
of the Ka doublet was obtained from the equation 


A= 3(2A, + Az) 
where A, is the wave-length of the Ka; line and A. the Kaz line. The wave- 
lengths as obtained with crystal gratings are 
copper Ka =1.538A molybdenum Ka =0.7093A 
copper Ag = 1.389 molybdenum KB = 0.6314 
The corresponding wave-lengths as obtained from ruled gratings’ are 
copper Ka=1.542A molybdenum Ka =0.7109 
copper Ag = 1.392 molybdenum KS = 0.6328 
The density of the quartz prism was determined by the method described 
in a recent issue of this Journal.’ The density was 


p = 2.6485 + 0.0002 gr cm’. 


RESULTS 
The first measurements' were made with the prism as shown in Fig. la 
using the copper A radiation. The angle @ was varied from 16'30” to 27'57” 
in the different exposures. Eighteen measurable exposures were obtained by 
this method. Fig. 2a shows a typical plate. The results were 
ba = 8.553 + 0.006 XK 10° 


63 


6.971 + 0.005 & 107°. 


The probable error was calculated from the variations in the results by the 
method of least squares. The alignment of the apparatus and the measure- 
ment of the distance from the edge of the prism to the plate holder have been 
so carefully made that the writer believes the maximum error in 6 from these 
sources is less than +0.002X10-*. It should be pointed out, however, that 
an indeterminate error may arise from the fact that it is necessary to measure 
to the edge of the reflected beam. The length of the exposures was varied over 
a wide range in order to reduce this possible error to a minimum. The agree- 
ment between the present results and those obtained by Larsson! indicate 
that this error must be negligible. 


8 J. A. Bearden, Phys. Rev. 38, 2089 (1931). 
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The next measurements were made with the some wave-length as above 

. . . * re . ye wee . 
but with the prism as shown in Fig. 1b. This method should have given a re- 
fracted line narrower than was obtained in the first method.* A comparison 


, | 


D Ba Re 


Fig. 2. Three-fold enlargements of typical plates. D is the direct beam, 8 and a@ are the 
refracted Ap and Ka lines, R is the reflected beam, O and O’ are reflected lines used for deter- 
mining the angles with method 2. 


of a typical plate shown in Fig. 2b with the plate in Fig. 2a shows that there 
is very little if any difference in the widths of the refracted lines. The results 
from 11 plates taken under various conditions gave 


ba 8.560 + 0.008 & 1074 


5; = 6.976 + 0.007 X 10-8 


where the probable error was calculated as above. 

After the above results had been obtained, the copper target x-ray tube 
was replaced by a molybdenum tube and a series of measurements similar to 
those above were made. Fig. 2c shows a typical photograph. The deviation 
of the refracted ray from the direct beam was much less in this case than 
above, but appeared sharper. Thus the results are just about as precise as 
those for the copper radiation. The average of all the results obtained with 
the molybdenum K series gives 


da = 1.805 + 0.001 XK 10~* 
53 1.432 0.001 & 10-%. 


+ 


CALCULATIONS OF WAVE-LENGTHS AND DISCUSSION 


As was pointed out above, the bracket term of Eq. (9) is a constant for 
slight variations of A. Thus the wave-lengths used in this term may be 
changed by +0.25 percent and the value of the bracket will be changed by 
less than one part in 5000. The results given in Table I have been calculated 
assuming wave-lengths which were the average of the wave-lengths as given 
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TABLE I. 

Method 6xX10-* \ (Dispersion) \ (Crystal) \ (Grating) 
1 8.553 1.536A 1.538A 1.542A 

1 6.971 1.388 1.389 1.392 

2 8.560 1.537 1.538 1.542 

2 6.976 1.388 1.389 1.392 

1 and 2 1.805 0.7089 0.7093 0.7109 

1 and 2 1.432 0.6315 0.6314 0.6328 








by the crystal and grating methods. The wave-lengths calculated from Eq. 
(9) with the measured 6 are given in the column headed AX (dispersion). The 
agreements between the wave-lengths as obtained from dispersion and those 
with crystal gratings are not perfect, but it appears to the writer that the 
agreement is entirely too close to be fortuitous. Larsson! has also reported 
seven determinations of 6 for the copper Ka line refracted by a quartz prism 
using essentially method 1. His results when used as above give 


A = 1.536A 


which is in exact agreement with the writer’s result for method 1, Table I. 
Stauss® has measured 6 for the molybdenum Ka, and K@ lines in quartz by 
using method 1. His results are slightly higher than those obtained by the 
writer and give 


Na = 0.7087A 
As = 0.6325 wg 
which are in some better agreement with the grating weetenin Wied. 7 


crystal values. Stauss® apparently did not take into account the natural 
width of the refracted beam and this may account for the difference of his re- 
sults and those obtained by the writer. 

These results thus indicate that the grating measurements of x-ray wave- 
lengths are definitely in error. Considering the precautions taken in the grat- 
ing measurements’ and the general agreement between various observers, the 
cause of the difference in the two methods must be due to a failure of the ruled 
grating diffraction theory when applied to x-ray wave-lengths. 
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THE SPECTRA OF TWO AND THREE-VALENCE-ELECTRON 
ATOMS, Sr Il, PTI, SIV, Sr TI, PIV axnnSV 


By I. S. Bowen 
NORMAN BRIDGE LABORATORY OF PHYSICS 
CALIFORNIA INSTITUTE OF TECHNOLOGY 


(Received November 20, 1931) 


ABSTRACT 


New measurements of the vacuum spark spectra of silicon, phosphorus and sul- 
phur have been made with a vacuum spectrograph. With the aid of these data it has 
been possible to analyse a large number of hitherto unclassified lines. In Si III and 
P IV the stronger singlet lines have been classified, while in these ions and in S V a 
large number of lines involving terms in which both electrons are excited have been 
identified. In Si IT, P II] and STV many of the important quartet lines have been 
located. 


I. INTRODUCTION 


F' \WLER,! in his monumental analysis of the silicon spectrum, classified 
a large number of doublet lines in Si II and a group of triplet lines in Si III 
which are emitted when only one of the electrons is excited. Later Saha® called 
attention to two quartet multiplets in Si II, and Bowen’ added a few quartet 
and doublet lines. The doublets of phosphorus III and sulphur IV were or- 
ginally classified by Millikan and Bowen.‘ Miss Saltmarsh® independently 
analysed the P III lines of wave-length greater than 1600A. Additional doub- 
let lines and one quartet multiplet in each atom were later classified by 
Bowen*. The strong triplet lines of P IV and S V, emitted when a single elec- 
tron is excited, were first arranged by Bowen and Millikan.® Again Miss Salt- 
marsh® independently listed a few of the multiplets of P IV. 

In the course of the present investigation, new spectra of these elements 
have been obtained with a vacuum spark between metallic silicon electrodes 
or between magnesium electrodes containing compounds of phosphorus or 
sulphur. Many of the lines have been observed in all orders up to the third or 
fourth of a one meter grating. By the introduction of self induction in the 
spark circuit it was possible partially to differentiate the various stages of 
ionization. 

11. Two ELECTRON ATOMS 

The lines that have been classified in Si III, P IV and S V are given in 

Tables I, III and V, while the terms deduced from them are listed in Tables 


1 A. Fowler, Phil. Trans. 225, 1 (1925). 

2M. Saha, Nature 116, 644 (1925). 

31. S. Bowen, Phys. Rev. 31, 34 (1928). 

* R. A. Millikan and I. S. Bowen, Phys. Rev. 25, 600 (1925). 
° M. O. Saltmarsh, Proc. Roy. Soc. A108, 332 (1925). 

° I. S. Bowen and R. A. Millikan, Phys. Rev. 25, 591 (1925). 
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II, IV and VI. For the sake of completeness all previously identified lines 
have been included as well as the new classifications. The wave-lengths be- 
low 2000A are new determinations which, it is hoped, have a somewhat higher 


TaBLeE I. Classified lines in Si III. 











Int. A Vac. v Series Designation 
566.54 176510 (3s)? 1S—3s4p'P 

2 651.65 153457 3s3p *Po—3s5s3S 

3 652.21 153325 3s3p 8P,—3s5s3S 

3 653.33 153062 3s3p §P2—3s5s3S 
1 672.29 148745 3s3p §P,—3s4d3D 
1 673.43 148494 3s3p 3P2—3s4d3D 
1 800.06 124991 3s3p 1 P—3s5s'S 
3 823.42 121445 3s3p 1P —3s4d'D 
4 993.54* 100650 3s3p 3Po—3s45 3S 
5 994.82* 100521 3s3p 8P,1—3s4s38 

5 997.40* 1090261 353p *P2—3s4s8S 

3 1031.09 96984.7 (3p)?3Pi1—3p4s3P, 
3 1032.89 96815.7 (3p)? 3Po—3p4s3P, 
4 1033.92 96719.3 (3p)?3P:—3p4s3P: 
2 1034.25 96688 .4 (3p)?3P,—3p4s3P, 
2 1035.63 96559.6 (3p)? 3P,—3p4s3P» 
4B 1037.02 96430.2 (3p)? 3P2—3p4s3P, 
7 1108.35*  90224.2 3s3p ®Po—3s3d8D, 
8 1109.95* 90094.1 3s3p 8Pi—3s3d3Di,2 
9 1113.20*  89831.1 3s3p §P3—3s3d Di 2.5 
4 1140.56 87676.2 (3p)?8Po—3p3d 3D, 
a 1141.58 87597.9 (3p)?3P,—3p3d 3D, 
4 1142.30 87542.7 (3p)?8P,—3p3d3D, 
5 1144.31 87388.9 (3p)?3P,2—3p3d3Ds; 
4 1144.99 87337.0 (3p)?3P2—3p3d3D;2 
3 1155.01 86579.3 (3p)? 8Po—3p3d 3P, 
3 1155.96 86508 .2 (3p)? §P:—3p3d3Po 
3 1156.80 86445.4 (3p)? 3Pi—3p3d3P, 
3 1158.11 86347 .6 (3p)? 3Pi1—3p3d3P2 
3 1160.27 86186.8 (3p)?3P,;—3p3d3P, 
3 1161.60 86088 .2 (3p)? 3P1—3p3d3P3 
10 1206.52*  82883.0 (3s)? 'S—3s3p'P 
7 1294.55* 77246.9 3s3p 8Pi—(3p)? 3P2 
7 1296.72* 77117.7 3s3p *Po—(3p)?3Pi 
8 1298.90% 76988.2 353p §P2.1.—(3p)?* P21 
7 1301.12* 76856.9 3s3p 3P1—(3p)* Po 
7 1303. 30* 76728.3 3s3p §P2—(3p)?3Pi 
4 1312.61 76184.1 3s3p 1 P—3s4s'8 

4 1341.46 74545.6 3s3d *D—3p3d3Ds 
3 1342.39 74494.0 3s3d°D—3p3d8D; 
3 1343.41 74437.4 3s3d 3D —3p3d8D, 
3 1361.59 73443.5 354s 38 —3p4s3P: 
2 1362.36 73402 .0 3s3d 8D, —3p3d3Po 
3 1363.47 73342.3 353d 3D, ,2—3p3d3Pi 
3 1365.26 73246.1 383d 3D, 2's—3p3d3P2 
3 1367.04 73150.7 3s4s 38 —3p4s3P, 
2 1369.44 73022.5 3s4s 38 —3p4s3Po 
1 1371.61 72907.0 3s4p 3P,—3psp3P; 
1 1372.99 72833.7 3s4p 3P2—3pap3P: 
1 1375.05 72724.6 354p *Po—3papsP 








Int. d Vac. v Series Designation 
1 1375.65  72692.9 3s4p 3P,—3p4p3P, 
1377.06 72618.5 3s4p 3P2i1—3p4p Pio 
5 1417.20 70561.7 3s3p 'P—(3p)2'8 
4 1500.18*  66658.7 3s3d °3Dy—3s4f Fy 
4 1501.16*  66615.2 353d *D2,s—3s4/3F 3 
3 1501.87" 66583.7 353d 3Di,2's—3s4/3F: 
0 1833.42 54542.9 (3p)? !D—3s4p'P 
3 1842.54 54272.9 3s3d 1D—3s3p'P 
2 — 46 52757.6 (3s)? 1S—3s4p3P, 
d Air 
10 =2541.83 39329.9 3s3p 'P —3s3d'D 
7 2559.22  39062.7 3s3p 1P—(3p)2!D 
1 3034.74* 32942.2 3s4f *F:—356¢3G 
1 3037.26*  32914.9 3s4f 3F3—356¢3G 
1 3040.93*  32875.1 3s4f 4F.—3s6g3G 
7 3086.225* 32392.7 3s3d 83D,s—3s4p5P; 
3 3086.429* 32390.5 3s3d*D:—3s4p*P: 
1 3086.620* 32388.5 3s3d 3D, —3s4p *P: 
6 3093.423* 32317.3 353d 3D.—3s4p3P, 
3 3093.613* 32315.3 3s3d*D,—3s4p*Pi 
4 3096.786* 32282.2 3s3d 3D, —3s4p*Po 
0 3126.25 31978.0 3p3d3P2—3pap Ps 
O 3147.38 31763.3 3p3d*P2—3p4p Pi 
3 3185.16 31386.6 3s4p 'P —3s5s'8 
3 =3230.55*  30945.6 3s4p 8Po—3s58 488 
§ 3234.00%  30912.6 3s4p 3P\—3s5s°8 
6 3241.67%  30839.4 3s4p 8P2—3s5543S 
00 3253.44 30727.9 3p3d 8D:—3pip P: 
1 3258.67 30678.6 3p3d3Ds—3pipsP: 
1 3276.25 30513.9 3p3d 3Ds—3p4p3Pi 
0 3279.25  30486.0 3p3d°Di—3p4p*Pe 
8 3590.46 27843.7 3s4p 'P —3s4d'D 
3  3791.41* 26368.0 3s4p 8Po—3s4d3D 
4 3796.11* 26335.3 3s4p *P, —3s4d8D 
5 3806.56*  26263.0 3s4p3P,—3s4d3D) 
1 4338.52 23042.9 (3p)?'!S —3s4p'P 
9 4552.654* 21959.2 3s4s 38 —354p3Ps 
7 4567.872* 21886.0 3s4s 83S —3s4p3P, 
4  4574.777* 21853.0 3s4s 38S —354p3Po 
1 4638.12 21554.4 3p4s3Po—3 psp P: 
0 4665.87 21426.3 3p4s38P,—3pip Py 
2B 4683.774 21344.4 3p4s3P.—3pip Po 
2B 1683.018  21347.8 3p4s3Ps—3pipsP, 
2 4813.290* 20770.0 3s4f38F 3—3s5¢3G 
3 4819.740* 20742.2 3s4f Fy —3s5¢3G 
4 4828.923* 20702.8 3s4f 4F «—3s5g3G 
8 5739.762 17417.5 3s4s 'S—3s4p'P 








* Previously classified by Fowler (reference 1). 
B Blend. 


accuracy than previous measurements. In silicon the 
2000A are taken from Fowler’, and in phosphorus from Geuter.’ 


7 Geuter, Zeits. f. wiss. Photographie 5, 1 (1907). 


wave-lengths above 
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TABLE II. Term values in Si III. 

















| 3539) 217311 3s3d3D, 1270889 
3s3p3P, 217183 3s3d3D; 127090.9 
3s3p3P_, 216922 3s3d3Dy =127093.0 
(3s)21S 269940.6 3s3p'P = -187057.6 3s3d'D = 147727.6 
3s4538 116659.6 3s4p2%P_o 94806.6 3s4d 3D 68438.1 3s4/3F; 60503.9 
3s4p3P;, 94773.6 3s4/3Fs 60476.3 
3s4p3P:  94700.4 3s4f3Fy 604306.8 
3s45 8 110872.2 3s4p'P 93454.7 3s4d!1D 65611.0 
3553S 63861.0 3s5g 3G =39734.0 
355518 62068. 1 3s6g°G 27561.6 
(3p)23P_ 140326. 3p3d3Py 53686. 
(3p)23P, 140194. 3p3d3P;, 53748. 
(3p)23P3 139935. 3p3d3P: 53846. 
(3p)272S  116497.6 3p3d3D, 52651. 
3p3d3D, 52597. 
(3p)2'D 147995. 3p3d3D; 52546. 
3p4s 3Po 43636. 3p4p3P.o 22165. 
| 3p4s8P, 43509. 3p4p3P, 22082. 
| 3Sp4s3P2 43214. 3pip3P: 21868. 
| | 








Tape III. Classified lines in P IV. 

















Int. d Vac. v Series Designation Int. A Vac. v Series Designation 
5 628.983 158987. 3s3p 8Po—3s4s 38 8 1030.545* 97036.0 353p 8P21—(3p)? 8P 2 
6 629.914 158752. 3s3p 3P i —3s4538 7 1033.135* 96792.8 3s3p 3P1—(3p)? 8Po 
7 631.765* 158287. 3s3p 8P2—3s45 38 7 1035.542* 96567.8 3s3p 3P2—(3p)? 8P, 
2 652.79 153189. (3p)?3Pi1—3p4s3P2 3 1064.60 93932. 3s3d 3D —3p3d3D, 
2 653.51 153020. (3p)? 3Po—3p4s3Pi 3 1065.554 93847.9 3s3d 83D —3p34d3D, 
1 654.54 152779. (3p)? 3P,—3p4s3Py 2 1066.640 93752.3 353d 3D —3p3d 8D, 
3 654.86 152704. (3p)? P2.—3p4s3P2 
2 655.78 152490. (3p)?3P,—3p4s3 Po 2 1086.943 92001.1 353d 3D —3p3d 3 Po 
2 656.55 152311. (3p)? 3P2:—3p4s3Py 3 1088.608 91860.4 3s3d 3D —3p3d3P, 

4 1091.442 91621.9 3s3d 3D —3p3d3P: 
3 776.340 128809.5 3s3p 1 P—3s4s'S8 
2 1093.318  91464.7 3s4s 3S —3p4s3P; 
6 823.177* 121480.6 3s3p 83Po—3s3d3D 2 1098.183 91059.5 3s45 3S —3p4s3Py 
7 824.733* 121251.4 3s3p §P,—3s3d3D 1 1101.65 90773.0 3s4s 388 —3p4s3Po 
8 827.932* 120782.9 3s3p 8P:—3s3d3D 
4 1484.508* 67362.4 3s3d 3D —3s4p 3P: 
3 845.964 118208.3 (3p)? 3Po—3p3d3Dy 4 1487.793* 67213.7 3s3d 3D —3s4p 3P, 
3 846.999 118063.9 (3p)? 83P,—3p3d 3D, 3 1489.093* 67155.0 3s3d 3D—3s4p 3P, 
4B 847.660 117971.8 (3p)? 3P:—3p3d 3D, 
4 849.799 117674.9 (3p)? §3P2—3p3d8Ds 8 1888.55 §2950.7 353p 1P —3s3d'D 
2 850.390 117593.1 (3p)? 3P:—3p3d3D¢ 
1 851.094 117495.8 (3p)? 8P2—3p3d3Di 1 1904.80*% 52499.0 3s4p §Py—3s55 3S 
1 1910.18" 52351.1 3s4p 3P2—3s55 88 
1 860.48 116214. (3p)? 3P1—3p3d3Fo d Air 
2 861.517 116074.3 (3p)? 38P,—3p3d3P, 4 2724.96"  36688.4 3s4p 83Po—3s413D, 
2 863.288 115836.2 (3p)? 3P,—3p3d3P3 4 2728.90* 36635 .4 3s4p 8P,—3sid3D, 
1 865.018 115604.5 (3p)?3P2—3p3dP, 3  2729.29*  36630.2 3s4p 8P,—354d 3D, 
2 866.820 115364.2 (3p)? 3P:—3p3d3Ps § 2739.42*  36494.6 3s4p 83P»—3s4d3D; 
3  2740.00*  36486.9 3s4p 8P,—3s4d 3D, 
10 950.669* 105189.1 (3s)? 1S —3s3p'P 
6 3347.85* 29862.6 354. 38 —3s4p3Py, 
+ 1006.237 99380.1 3s3d 1D —3545'1P 6 3364.57* 29714.2 3545 3S —3s4p5P, 
5 3371.24° 29655.5 3s45 3S —3s4p3P» 
7 1025.579* 97505.9 3s3p 8Pi—(3p)? 8P2 
7 1028.131* 97263.9 3s3p §Po—(3p)?3P i 6 4249.73 23525.2 3s4s 1S —3s4p'P 











* Previously classified by Bowen and Milikan (reference 6). 
B Blend. 


Most of the new triplet terms arise from electron configurations in which 
both electrons are excited. In general, these terms combine with so many 
other terms, both old and new, to give observed lines that there can be little 
doubt as to the existence of the levels. Furthermore the irregular doublet law 
relationships, displayed in Table VII, confirm the assignment of the levels to 
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TABLE IV. Term values in P IV. 
3s3p*Po 346659 3s3d°D 225174.6 
3s3p3°P, 346427 
3s3p%P2 345960 
(3s)?4S 414247 3s3p'P 309058 3s3d'D 256105. 
354548 187675 3s4p°Py =158019.5 | 3s4d°D, 121330.9 
3s4p 5P, 157960.8 | 3s4d°D, = =121325.5 
3s4p°P, 157812.4 | 3s4d°D3 = 121317.8 
3s4s 1S 180250.0 3s4p'P 156724.8 
3s5s8S 105461.6 
(3p)?8P,y 249634. 3p3d*Py 133176 
(3p)?8P; 249393. 3p3d'°P, 133317 
(3p)?*P, 248922. 3p3d'°P, 133556 
3p3d'°D, 131425 
3p3d*D, 131328 
| 3p3d°D; 131245 
3p4s*P,y 96902. 
3p4s3P, 96615. 
3p4s*P, 96210. 
TaBLe V. Classified lines in S V. 
Int. Vac y Series Designation Int. Vac. v Series Designation 
4 -437.37* 228639. 3s3p 8Po—3s4s 3S 2 «691.74 144563 (3p)? 8Py—3p3d4P, 
1 438.19% 228212. 3s3p 3Pi—3s4s 38 2 693.522 144192 (3p)? 3P1—3p3d *Ps 
1 439.65* 227454. 3s3p §P3—3s4s 3S 
8  786.476* 127149.4 (3s)? 1S —3s3p1P 
3 6$8.262* 151915. 3s3p §P»—3s3d 8D 
4 659.853* 151549. 353) 83P;—3s3d 83D 6 849.241 117752.2 3s3p 3Pi—(3p)? Ps 
5  663.155* 150794. 353 §3P3—3s3d 83D 5 &52.185* 117345.4 3s3p 3Po—(3p)? 8P: 
7  854.792* 116987.5 353 p 8P12—(3p)? 3P is 
1 676.21 147883. (3p)? 3Po—3p3d 3D, 5  857.872* 116567.5 3s3p 3Pi—(3p)? Po 
1 677.342 147636. (3p)? 83Pi—3p3d 32s 5  860.462* 116216.6 3s3p *P1—(3p)* Pi 
2 678.08 147475. (3p)? 8Pi—3p3d 8D, 
3 680.326 146988. (32)? 3Ps—3p3d 8D, 2 883.59 113175. 353d 3D —3p3d 8D, 
SB 680.940 146856. (3p)? 8Ps—3p3d 8D 2 884.46 113063. 353d 3D —33d 8D; 
3B 681.565 146721. (3p)? §P2—3p3d 8D, 1 885.77 112896. 353d 83D —3p3d 8D, 
1 686.150 145741. (36)? 3Po—3p3d *Py 2 900.93 110996, 353d 83D —3p3d 8P 
1 686.93 145575. (3p)? 8Pi—3p3d 8Po 1 902.80 110767. 3s3d 3D —3p3d 8P, 
0 688.04 145340. (3p)? §Pi1—3p3d8P, 2 905.92 110385. 353d 3D —3p343P 
1 689.838 144962. (3p)? 8Pi—3p3d Ps 











* Previously classified by Bowen and Millikan (reference 6). 

















Blend 
TABLE VI. Term values in S V. 
3s3p3P_ 501629 3s3d*D 349713 
3s3p*P, 501267 
3s3p°P2 500500 
3s4s3S 273030 | 

-_ | (3p)?*P, 384700 3p3d*Po 238713 
| pyr, 384283 3p3d*P;, 238950 
| (3p)? *P 2 383514 3p3d*P, 239324 
| 3p3d*D, 236817 
3p3d*D, 236649 
3p3d*D; 236532 
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TABLE VII. Jrregular doublet law relationships in two electron-systems. 














353d 3D;—3p3d 8P, | 353d *Ds—3p3d *Ds | (3p)? *P2—3p3d §P; | (3p)? 7P2—3p3d 8D; 
y | Diff. Diff. y Diff. 





Diff. v v 
SillIl 73246.1 74545 .6 | 86088 .2 | 87388 .9 
18375.8 19386.4 | 29276.0 30286 .0 
PIV  91621.9 93932. | 115364.2 | 117674.9 
18763.1 19243. | 28827.8 | 29313.1 
SV 110385. 113175. | 144192. | 146988. 
3s4s 5S—3p4s *P, | 3s3p'P—3s3d'D | 354s 'S—3s4p 'P | (35)? ‘S—3s3p 5P, 
MgI | 11351.8 5843.6 | 21870.7 
| 14277.5 | 5726.2 | 15583.1 
AlII 54686.4 | 25629.3 | 11569.8 | 37453.8 
18757.1 | 13700 .6 | 5847.7 | 15303.8 
Silll 73443.5 | 39329.9 | 17417.5 52757 .6 
18021.2 | 13620.8 | 6107.7 
PIV 7 - §2950.7 | -23525.2 


91464. 





configurations. Table VII includes these relationships for the newly identified 
lines only, as previous articles gave similar tables for the lines classified in 
them. Additional evidence for the correctness of the assignments is found in 
the comparison of the observed multiplet separations with the predictions of 
the theory developed by Goudsmit and Humphreys.* The comparison is 
shown in Table XIV and discussed in section IV. 

Tables VII and XIV show at once that the P” term in Al II, found by 
Sawyer and Paschen,? satisfies the predictions completely for the *P term of 
the 3p4s configuration, but definitely cannot be assigned to the 33d con- 
figuration as originally suggested by these authors. 


TaBie VILL. Quartet lines in Sill. 




















Int. d Vac. v Series Designation Int dA Vac. v Series Designation 
3 1246.73 80209.8 3p 4P,—(3p)3 48 0 5549.74" 18043.1 4s 4Pi—4p 48 
3 1248.40 80102.5 3p *#P2—(3p)3 4s 1 5576.61* 17927.1 45 4P,—4p 4S 
4 1251.16 79925.8 3p *Ps—(3p)3 4S 2 §639.492* 17727.2 4s 4P,—4p 4S 
3 1346.92 74243.5 3p 4P2—4s 4Ps 1 5800. 48* 17235.2 45 4P,—4p 4P,; 
3 1348.55 74153.7 3p 4*Pi—4s 4P, 2 5806.75* 17216.6 45 4P,—4p 4P, 
4 1350.07  74070.2 30 *Ps—4s 4P3 0 5827.80% 17154.4 4s 4Pi—4p *P, 
3 1350.58 74042.3 3p *P2—As 4P, 0 5846.12* 17100.6 454P:—4p 'P; 
3 1352.68  73927.3 3p *P2—4s §P, 1 5867.497* 17038.4 4s $P2—4p §P, 
3 1353.75 73868.9 3p 4Ps—4s 4P, 3 5868.404* 17035.7 45 4P3—4p 4P; 

1 5915.266* 16900.7 45 4P,;—404P; 














* Previously classified 


by Saha (reference 2). 








TABLE IX. Quartet term values in Si II. 











87737.7 (3p)? 4S 

3s(3p)2*P, ——- 87627.1 
35(3p)? *P; 87453 .6 

3s3p4s'P,  13700.0 3s3p4p 4S —4343.1 

3s3p4s*P,  13584.0 

3s3p4s*P;  13384.1 3s3p4p*P,  —3454.4 
3s3p4p*P,  —3516.6 
3s3p4p*P; —3651.4 


3s(3p)? 4p, 











7526.8 














8S. Goudsmit and C. J. Humphreys, Phys. Rev. 31, 960 (1928). 


® R. A. Sawyer and F. Paschen, Ann. d. Physik 84, 1 (1927). 
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In the singlet system it is, of course, impossible to make all of the tests 
of the classification such as those discussed above. This naturally makes the 
assignment of singlet lines somewhat less certain. In most of the cases, how- 
ever, the great strength of the lines and the irregular doublet law relation- 
ships shown in Table VII leave little doubt as to the reality of most of the 
levels. However the assignment of the levels to configurations is quite uncer- 
tain for the terms tentatively ascribed to the 3s3d, 3s4d and (3p)? configura- 
tions. In fact due to the overlapping of the 3s3d and (3p)? configurations the 
terms due to them are doubtless much disturbed and any attempt to assign 
these terms to a definite configuration may have little significance. 

The identification of the intercombination line (3s)? \S—3s3p'*P, in Si III 
is also doubtful. However the term values of the singlets and triplets can be 
independently determined with an accuracy which precludes any large shift 
in the relative position of the two systems regardless of this identification. 

The term values listed correspond to an ionization potential of 33.30 
volts for Si III and 51.1 volts for PIV. 


Ill. THREE-ELECTRON ATOMS 


The lines that have been classified in the quartet systems of Si II, P III 
and S IV, including those identified by previous authors, are given in Tables 
VIII, X and XII, while the terms deduced from them are listed in Tables 


Tasre X. Quartet lines in P III. 

















Int. d Vac. v Series Designation Int. d Air. v Series Designation 
2 781.728 127921.7 3p 4P2—4s 4Ps 5B 2739.42 36494.6 3d 4*P3—4p *Ps 
2B 782.965 127719.6 3p 4Pi—4s 4P, 2 2752.81 36317.2 3d 4P,—4p *Ps; 
3B 783.739 127593.5 3p *Ps—A4s 4Ps 4 2758.62 36240.7 3d 4P3—4p *P, 
1 784.10 127535. 3p 4#Pi—4s 4Py 0 2771.93 36066 .7 3d 4P,—4p *P, 
1 784.25 127510. 3p *P2—4s 4P, 

2 785.383 127326.4 3p *Ps—4s $P, 0 2779.9 35963.3 3d *Ds—4p 48 
2 786.239 127187.8 3p 4Ps—4s 4Py 
3 2780.89  35950.5 3d 4P2,,—4p 4Py. 
4 844.644 118393.1 3p 4P,—3d 4D, 1 2790.09 35831.9 3d 4P,—4p *P, 
4 845.029 1183391 3p 4P,—3d 4D, 
4 845.665 118250.1 3p 4P2—3d 4D; 2 2857.07 34992.0 3d 4D,—4p *Ps 
3 846.120 118186.5 3p 4P.—3d 4D: 3 2862.17 34929.6 3d 4Ds—4p *Ps 
2 846.477 118136.7 3p *P2—3d 4D, $ 2866.25  34879.9 3d 4D, —4p 4P 3 
4B 847.660 117971.8 3p 4*Ps—3d 4D, 1 2873.27 34794.7 3d 4D, —4p *P; 
3 848.017 117922.2 3p *Ps—3d 4Dys 3 2877.64 34741.9 3d 4D,—4p *P; 
1 = 848. 450 -117862.0 3p 4Ps—3d 4D, 1 2882.86  34679.0 3d *Dis—40 §Pi 2 
i 1 2887.40 34624.5 3d *D.—4p *P, 
2 853.355 117184.5 3p 4P,—3d *P, 
3 854.228 117064.8 3p 4P,—3d 4*P: 5B 3717.77 26891.3 4s *P,—4p 4S 
3 854.831 116982.2 3p *P2—3d *P, 5 3744.36 26700.3 4s 4P,—4p 4S 
3 856.980 116688.8 3p 4*P2—3d 4Ps 6 3802.22 26294.1 45 4Py—4p 4S 
3 858.133 116532.1 3p 4Ps—3d 'P; 
3 859.403 116359.8 3p 4P3—3d 4Ps 6 3895.17 25666.6 454P,—Ap Ps; 
6 3904.93 25602.4 4s 4P,—494P, 
3 972.830 102792.9 3p Pi —(3p)3 48 4 3922.86 25485.4 454P,—4p *P, 
4 974.768 102588.5 3p *P2—(3p) 48 4 3933.52 25416.3 454P,—4p'P, 
4 977.890 102261.0 3p 4Ps—(3p)3 48 5 3951.65  25299.7 45 4Py—4p 4P, 
d Air 6 3957.77 25260.6 454P,s—4p 4P; 
3 2664.09 37526.6 3d 4P3—4p 4S 5 3997.31 25010.8 4s 4P;—4p *P, 
2 2685.08  37233.1 3d *P,—4p 4S 
B Blend 


IX, XI and XIII. Since the present investigation has yielded no new doublet 
or intercombination lines no doublet lines or terms have been included. The 
wave-lengths in silicon and phosphorus above 2000A are taken from Fowler! 
and Geuter’ respectively. Since no intercombinations are known, the quartet 
term values cannot be fixed accurately with respect to those of the doublets. 
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3p)4s 






82630. 




















.6 6 
3s(3p)? *P» 185219.2 
3s(3p)?*Ps 184891 .4 3s3p3d'P;, 68238.5 
| 3s3p3d'P2 68356.3 
| 3s3p3d ‘Ps 68531.2 
3s3p3d'D, 67084.0 
353 p3d*D» 67031.1 
| 3s3p3d4D; 66968 .9 
3s3p3d4*Ds 66919 .2 
3s3p4s*P, 57891.7 3s3 ps pts 31005 .7 | 
3s3p4s'P» 57705.8 | 
3s3p4s*P; — 57300.0 3s3p4p'P,  32406.2— | 
3s3p4p*P» 32289 .3 
3s3 pip iP; 32039 .3 
TaBLe XII. Quartet lines in S IV. 
— — — ———————— iiiictemiice cous $$$ 0 
Int. d Vac. v Series Designation Int. A Vac. v Series Designation 
2 519.30 192567. 3p 4Pa—4s 4Ps a in 655.553 152543. 3p 4Ps—3d 4D, 
2 $20.11 192267. 3p 4Pi—4s Py 2 655.887 152465. 3p 4Ps—34 4D; 
3 520.83 192001. 3p 4*Ps—4s 4Py 1 656.30 152369. 3p 4P3—3d 4D: 
1 $21.13 191891. 3p 4*P2—As 4P: 
2 521.99 191575. 3p 4#P.—4s 4P, 3 660.945 151299. 3p 4P,—3d *P2 
2 522.54 191373. 3p 4Ps—4s 4Ps 3 663.707 150669. 3p 4P1—3d APs 
3 664.822 150416. 3p 4Ps—3d 4P 2 
3 652.523 153251. 3p 4P1—3d 4D, 4 666.114 150124. 3p 4P3—3d 4Ps 
3 653.000 153139. 3p 4*Pi—3d 4D, 
4 653.560 153008. 3p 4P2—3d 4Ds 3 798.277 125270. 3p (Pi —(3p)3 48 
3 653.988 152908. 3p *P.—3d 4D, 4 800.477 124926. 3p 4P2—(3p)9 48 
1 654.37 152819. 3p 4P2—3d 4D, 4 893.996 124379. 2p *Ps—(3p)s 4s 
TABLE XIII. Quartet terms in S IV. 
3s(3p)24P, 309701 (3p)8 4S 184431 
3s(3p)2*P, 309357 
3s(3p)?*Ps 308810 353p3d*P, 158398 
3s3p3d'P; 158687 
3s3p3d 4D, 156550 
3s3p3d4*D, 156447 
3s3p3d'D; 156347 
3s3p3d 4D, 156267 
3s3p4s4P, 117782 : 
3s3p4s'P, «117436 
3s3p4s'*P; 116800 








However the relative positions of the two systems can be determined approx- 
imately by assuming that the 3s3p4s*P term of the quartet system differs 
from the (3s)*4s?S term of the doublet system by an amount equal to the dif- 
ference between the terms in the next ion on which these terms are respec- 
tively based, namely, (3s)? 1S—3s3p'P. The tabulated values of the terms are 


fixed in this 


way. 


With one exception in each element all the terms found are due to con- 











figurations having a 3s and a 3p electron plus an excited electron whose transi- 
tions cause the emission of the observed lines. This makes it feasible to sim- 
plify the notation for the series designation of the lines by the omission of the 
3s3p. 














SPECTRA OF TWO AND THREE - ELECTRON ATOMS 


TABLE XIV. Mulliplet separations. 























Triplets Quartets 
Alll Silll PIV SV Sill Pill SIV 
Cale. Obs. | Calc. Obs. Cale. Obs. Cale. Obs. Cale. Obs. Calc. Obs. Cale. Obs. 
3p4s3P 156 127 | 308 295| 530 405 | 845 3s3p4s4P 216 199.9] 388 405.8) 627 636 
78 8658 154 127 | 205 287 423 130 116.0} 233 185.9 376 346 
3papsP 78 154 214 | 265 423 3s3p4p4P 108 134.8 194 250.0 314 
39 77 83 133 211 65 62.2 117 117.1 188 
3p4p3D 117 231 398 634 3s3p4p4D 151 272 439 
78 154 265 423 108 194 314 
65 117 188 
3p3d3P —78 —154 -—98 |—265 —239 |—423 —374 | 3s3p3d4P —108 —194 —174.9|—314 --289 
—39 —77 —62 |—133 —141 |-—211 —237 —65 —117) —117.8)—188 
3p3d38D 39 77 $1 | 133 8&3 211 117 | 3s3p3d4D 50 91 49.7 146 80 
26 $1 54 | 88 97 141 168 | 36 65 62.2 104 100 
| | 22 39 52.9 63 103 














The results of this analysis of the quartets were checked with the predic- 
tions of the theory of Goudsmit and Humphreys? with the very satisfactory 
results shown in Table XIV. 


IV. GENERAL CONSIDERATIONS 


This analysis has brought to light a large number of multiplet separations, 
whose value can also be predicted by the theory of Goudsmit and Hum- 
phreys®. Table XIV gives a comparison of the predicted and observed values. 
The predicted values are calculated on the assumption that the ae of their 
Eq. (3) is small enough to be neglected in comparison with A’. This is proba- 
bly justified in cases such as these where the electron to which the az applies 
is much less tightly bound than the electrons to which the A’ refers. As is at 
once seen, the theory predicts the observed values with surprising accuracy, 
particularly when one considers the various approximations made in the cal- 
culation. 

One other regularity that is brought out by this analysis is the uniformity 
of arrangement of the terms arising from a given configuration in isoelec- 
tronic ions of this row of the periodic system. Thus in every atom where the 
terms arising from the 3p4 configuration of a two-electron system, the 3s3p- 
4p configuration of a three-electron system or the (3s)*3p4)p configuration of a 
four-electron system have been observed, the order of increasing term values 
is S, P, D. Likewise for the terms of the 3p3d, 3s3p3d and the (3s)?3p3d con- 
figurations the order is D, P, F for all cases except Si I and P II. In both of 
these cases other irregularities throw great doubt on the published identifica- 
tions of the terms that are not in agreement with this arrangement. As might 
be expected from the symmetry of the eigenfunctions of s electrons, this in- 
dicates that the addition of s electrons has little effect on the relative positions 
of these levels. A similar regularity is found in the first row of the periodic 
table. In this case, however, the 2p3p, 2s2p3p and (2s)*2p3p configurations 
give uniformly the order P, S, D, while the 263d, 2s2p3d and (2s)?2p3d con- 
figurations yield P, D, F. 
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ABSTRACT 

Rotational structure of red CN bands. The rotational structure of the (4,1), 
(5,2), (6,1), (6,2), (7,2), (7,3) and (8,3) bands of this system is measured on plates from 
the first order of a 21-foot grating. To excite the spectrum, carbon tetrachloride vapor 
was mixed with active nitrogen. The lines of each band are arranged in eight branches, 
giving a structure characteristic of a *I1—?* transition in which the spin doubling in 
2 is small. Missing lines show the ?II state to be inverted. Good agreement is obtained 
for the constants of the lower state with those of the violet CN system. The rotational 
constants of the *II state are: A= —52.2 cm™, B,=1.6990 —0.01746 (v+}3) cm”, 
D,=- [6.133 +0.0127 (v+4) | X10 cm™, J,=16.28X10~ g cm’, r,=1.236 107 
cm. The *II terms are represented accurately by the Hill and Van Vleck formula. Micro- 
photometer measurements of photographic densities in the 8,3 band are given, and 
agree qualitatively with the theory. They show the *Il;,.—*?> band to be stronger 
than the *II,,.—?S band. 

Spin doubling and A-doubling. A rough evaluation of the difference F,’’(K) — 
Fy''(K) = yo (K +3) is possible, and gives yo= +0.0071 and 0.0082 and for v’’ =3 and 
2, respectively. For the states v’ =4, 5 and 8, the A-doubling is regular, and of the form 
recently discussed by Mulliken and Christy. We find op =0.00621, 0.00853, 0.01872, 
go= —0.000252, —0.000365 and —0.000435 for v’=4, 5 and 8. 

Perturbations. Three strong perturbations are found in v’=6, in 7;, at J=13}, 
in T,gat J=25} and in T:¢at J =27}. These are exactly as expected theoretically from 
the three corresponding perturbations found in the violet system by Rosenthal and 
Jenkins, and from an extrapolation of the unperturbed levels. An anomalous A-dou- 
bling in *I1,/2‘” is explained as a perturbation, with the difference that here the per- 
turbing levels of *I1,/2° and a?=“") do not cross, but merely approach closely. 

Vibrational structure. From measurements of the Rs heads of 17 other bands, 
and correction to origins, the following expression is obtained for band origins: 


vy = 11,043.20 +1788.66 (v’ +3) —12.883 (v’ +3)? — 2068.79 (v’’ +43) +13.176 (v’’+4)2. 


Perturbations of the band origins by 1 or 2 cm™ occur for v’=6 and 7, and are evi- 
dently of similar origin to the rotational perturbations in these states. The vibrational 
numbering used here for the *II state is that of Asundi and Ryde. This numbering, 
hitherto in doubt, has now been definitely established by a comparison of the ob- 
served vibrational intensity relations with those predicted by the wave mechanics 
with the method of Condon. . 


INTRODUCTION 
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HE extensive system of “cyanogen” bands which has its maximum in- 
tensity in the orange and red was first measured in vacuum-tube spectra 


of compounds containing carbon and nitrogen.! In the first studies of Ray- 


1H. Kayser, “Handbuch der Spectroscopie,” Vol. 7, pp. 135-7. 
16 
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leigh? and of Rayleigh and Fowler® on the spectra excited by active nitrogen, 
it was discovered that carbon compounds produce a bright cyanogen spec- 
trum exceptionally free from impurities. The intensity of the red CN system 
relative to the violet system varies greatly with the compound used. In par- 
ticular, the halogen compounds, such as chloroform and carbon tetrachloride, 
were found to give the red system such predominance that the glow produced 
is orange, instead of the usual lilac color. Since the bands of the red system 
are sharp and strong with this mode of excitation, Fowler and Shaw‘ used ac- 
tive nitrogen as a source in obtaining the first accurate measurements of the 
heads of these bands. The system was also identified in the carbon arc in air, 
where it is responsible for most of the luminosity in the longer wave-length 
part of the visible spectrum. The appearance of the bands, however, is very 
different in this source. The heads are weak and masked by a great deal of 
overlapping rotational structure from adjacent bands. On the contrary, in 
the vacuum-tube and particularly in active nitrogen a large number of dis- 
tinctly separated bands are seen, extending from the blue to the extreme red. 
The system has been traced as far as \8134 by Croze®, and to \9400 by Asundi 
and Ryde.® Probably it extends far into the infrared. Each band shows four 
heads, degraded toward the red, that of shortest wave-length being very weak 
relative to the others. 

As part of his pioneer work on the vibrational structure of band spectra, 
Heurlinger® assigned vibrational quantum numbers to the red system, and 
gave an equation for heads. The constants of the lower state agreed with 
those of the lower state of the violet CN bands, showing that these two band 
systems result from transitions to a common electronic configuration. Re- 
cently the vibrational numbering of the upper state of the red system has 
been changed as a result of the work of Asundi and Ryde.® The rotational 
structure of the violet system, for which accurate measurements’ have been 
available since the early work of Kayser and Runge, was one of the first to 
which Heurlinger applied the quantum theory, and its interpretation is now 
well understood through the work of Kratzer, Dieke, Birge, and Mulli- 
ken.’:°-!° The electronic transition is designated *X—*2. The lower state of 
the red bands is therefore 22, and is in all probability the normal state of CN. 
Evidence for this appears in the fact that the violet system can be self-re- 
versed in the electric furnace." The upper state of the red system is known to 
be *II, from various considerations including a study of the gross structure of 
the bands. The rotational analysis of the red system has not hitherto been 

2 R. J. Strutt, Proc. Roy. Soc. 85A, 219 (1911); 88A, 539 (1913). 

5 R. J. Strutt and A. Fowler, Proc. Roy. Soc. 86A, 105 (1912). 

* A. Fowler and H. Shaw, Proc. Roy. Soc. 86A, 118 (1912). 

°F, Croze, Comptes Rendus 150, 1672 (1910). R. K. Asundi and J. W. Ryde, Nature 124, 
57 (1929). 

° T. Heurlinger, Zeits. f. Physik 1, 82 (1920). 

7 W. Jevons, Proc. Roy. Soc. 112A, 407 (1926). Summary. 

§ A. Kratzer, Ann. d. Physik 71, 72 (1923). 

* R. T. Birge, Bull. Nat. Res. Council, No. 57, pp. 181-6. 

10 R. S. Mulliken, Phys. Rev. 30, 138 (1927). 

1 A. S. King, Astrophys. J. 53, 161 (1921). 
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attempted, perhaps because of the extreme complexity with which it is de- 
veloped in the arc, from which high-dispersion spectra are most easily ob- 
tained. The analysis is nevertheless desirable, in order to study the properties 
and constants of the *II state. A particular feature of this state requiring fur- 
ther investigation is the perturbation of the rotational levels *I1 (J), which 
was discovered by Miss J. E. Rosenthal and one of the writers” in one of the 
first verifications of Kronig’s theory of perturbations in band spectra. The 
present paper™ contains the results of our analysis of the rotational struc- 
ture, which was made possible by the use of grating plates of the red system 
as produced by active nitrogen. 


SPECTROGRAMS 

The source of light was the bright orange-colored flame obtained when 
carbon tetrachloride vapor is introduced slowly into a continuously flowing 
stream of active nitrogen. The rate of introduction was adjusted by a capil- 
lary leak to obtain the best intensity. Purification of the nitrogen previous to 
its activation was necessary, and consisted primarily in the removal of oxy- 
gen by passage through a tube of moist white phosphorous, and subsequent 
thorough drying. The form of the discharge tube and reaction chamber was 
smilar to that used in previous work with this type of excitation,“ as were 
the conditions of pressure, rate of flow of nitrogen, etc. A detailed description 
of these will therefore be omitted here. As dispersing apparatus, the 21-foot 
Harvard grating was used in the first and second orders. Four sets of plates 
were obtained, covering the region 3500-8000A, each with two iron arc com- 
parison spectra to eliminate the possibility of false shifts. Eastman Speedway 
plates were used for the region 3500-4900, Astronomical Green Sensitive 
plates for 4900-5800, Ilford panchromatic plates hypersensitized in ammonia 
for 5800-6850, and Speedway plates bathed in dicyanin for still longer wave- 
lengths. Exposures were from 4 to 10 hours, constant temperature being 
maintained in the grating room. 

Only the first order plates, with a dispersion varying from 1.91 to 1.95A 
per mm, were strong enough for satisfactory measurement. The wave- 
lengths were measured with reference to the international iron arc standards, 
from plates showing no relative shift of the two iron spectra. The complete 
rotational structure in seven of the strongest bands was measured, and also 
the band heads in 17 fainter ones. The agreements later obtained in the ap- 
plication of the combination principle indicate an accuracy of somewhat bet- 
ter than 0.01A for the measurements of the sharper lines. 

2 J. E. Rosenthal and F. A. Jenkins, Proc. Nat. Acad. Sci. 15, 381 (1929). 

‘8 Preliminary report: F. A. Jenkins, Y. K. Roots and R. S. Mulliken, Phys. Rev. 38, 1075 
(1931). In this Letter we unfortunately used an incorrect v numbering in the *II state, having 
overlooked the work of Asundi and Ryde.® We are indebted to Dr. W. Jevons for calling our 
attention to this. In the present account we have used the correct v numbering (cf. last para- 
graph of this paper.) 

4 For example, F. A. Jenkins and H. de Laszl6, Proc. Roy. Soc. 122A, 103 (1929). 

4 The (6,1), (6,2), and (7,3) bands were measured by the second writer (Y.K.R.) with a 
comparator at New York University, and the (4,1), (5,2), (6,2), and (8,3) bands with a Société 
Génévoise comparator at the University of California by the first writer (F.A.J.). 
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ROTATIONAL STRUCTURE 
Term-formulas and permitted transitions 


The spectral terms involved in II? bands, with an inverted “II state 
intermediate between case (a) and case (b), are essentially as given by the 
following equations: 


"M32: T1'(J)=T.+G' + By’ { (J +3)?-1-—4[40 +3)?-—44/B,' 
+A/B,"*]!2+G*} +6) +D,'Jt+ --- 
"1/2: T2/(J)=T'+G' +B,’ {(J+4)2?—1443[4+4)2—44/B,’ 
+AYB,"]!?24+G7} +0(J)+D,'J+1)*+ «> - 
SI H=KABT (J) =T 4G" +37 K+B,"(K+4)2+D."(K+4)4+ +> 
=7T "+6" +hyJ—-4§) +B." 2+D,"I*+ --- 
Sy J = K— 3:72" J) =T "+6" —3y(KA1) + Bo" (K+4)°+D'"(K+3)4+ ++: 
: =T "+6" —hyS+ )+Bi"(I+1)?+D."(I+1)44+ - - >. 
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Fig. 1. Term-scheme for the 8,3 red CN band. The transition giving the first line in each 
branch is indicated by a vertical arrow. Satellite branches (AK #AJ), and those with AK =2, 
are shown by dashed arrows. The spin doubling in 2X, and the A-doubling in *II, are magnified 
50 times. 


%# R.S, Mulliken, Rev. Mod. Phys. 3, 130 (1931); 2, 109 (1930), with A =1 for the II state. 





20 JENKINS, ROOTS AND MULLIKEN 


For the? II terms, A is the spin coupling constant, which in doublet states rep- 
resents the electronic doublet separation for zero rotation. The small un- 
coupling term ®,(/) represents the splitting of each of the *II rotational levels 
into two, designated 7°. and 7). Explicit equations of a somewhat complicated 
form can be given" for this term; they will be used below in the discussion of 
A-doubling. The additive constants B,(G?—1) cannot be found from the spec- 
trum, since one can only evaluate the differences between terms. In the equa- 
tion for the *X terms, the small constant y measures the interaction of the 
electron spin with the magnetic field developed by the rotation of the mole- 
cule. It gives rise to a small separation of the two levels with J = K + } asso- 
ciated with each value of K. Evidence for this in the present case will be con- 
sidered later, under spin doubling. 

The positive and negative symmetry properties of the terms 7°(/) are im- 
portant in determining the allowed transitions. The lower state in the present 
case is probably *=*, requiring a + designation for the lowest rotational 
level (K =0).'8 Applying the two selection rules +@— and J@J, J+1, 
the + and — character of all the “II rotational levels is easily found.'® As 
shown in Fig. 1, there are twelve types of transitions allowed, giving rise to 
twelve branches in any one band. These are 


*I13;2 — 7X “II, 2— 7s 


RJ) Tia’(J +1) — Ti’V) *Ra(J) T2./(J + 1) — Ti") 
Rw) = T(J +1) — Ti") ) RJ) = Taa'J +1) — TJ) ) 


OJ) = TJ) — Ti") FRO) = Tau) — Ti") f 
PO.a(J) = Tia’(J) — Te!(J) 1 QJ) = To!) — To!"(J) \ 

PJ) =TiwW’J—-1)-Ti"U)S — °PaJ) = Te.’ — 1) — Ti") J 
OP(J) = Ty(J — 1) — Te) PAJ) = Taal (J — 1) — Te"). 


( 


In the bands under consideration, the 3/2-form branches *R»,; and ° Py», hav- 
ing AK =2, are very weak, and could be measured only for the strongest 
bands. Also, since the separation of the terms 7"(K) and 7»"(K) is very 
small, the 3-form satellite branches could not be resolved from the corres- 
ponding main branches. As a result, the branches coalesce in pairs, as indi- 
cated by the brackets of Eqs. (2). Only eight branches are therefore measured 
for the strong bands, and six for the weaker ones. 


Wave-numbers of band-lines 


Table I contains the wave-numbers in vacuum of all the measured lines 
assigned to the band structure. For each branch which forms a head, the 
wave-length in I.A. of the head is given at the top of the appropriate column. 
In designating the branches in which coalescence occurs, the symbol of the 
satellite branch is omitted for brevity, although at low values of K it may 


17 R.S. Mulliken and A. Christy, Phys. Rev. 38, 87 (1931). 
18 Reference 17, p. 103. 
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TABLE I 





4, 1 band \ 6332.159 \6347.036 6355. 126 
i R2 Q» P, Ri 
5,785.52 = 
786.77 .69 on 
787.64 04 
788.04 .40 15,768.03 745.38 31. 15,719.79 
788.04 3.00 761.39 747.63 30. 716.06 
787.64 769.27 754.33 749.35 711.48 
786.77 12 746.86 750.47 8: 706.33 
785.52 52 738.86 751.05 2 700.64 
783.80 55.50 730.60 751.05 694. 
781.69 .08 721.84 750.47 35 687... 


779.04 15 712.67 749.35 3. 679. 
776.01 37.79 702.99 747.63 708.2 671. 
772.46 .00 692.96 745.38 702.78 663. 
768.53 3.78 682.46 742.61 696.82 654. 
764.04 .06 671.44 739.26 690.25 644.3: 
759.19 .88 660 .04 735.37 683.23 634.24 
753.76 .26 648 .06 731.00 675.60 623.30 
747.90 .25 635.75 725.99 667 .47 611.95 
741.60 .61 622.92 720.44 658.78 600.14 
734.76 mY 609.60 714.37 649.54 587.68 
727.46 .04 595.82 707.88 639.76 574.68 
719.79 .06 581.55 700.64 629.56 561.20 
711.48 37.63 566.96 692.78 618.73 

702.78 5.63 551.74 607 .40 

693.45 613.13 595.53 

600.14 583.18 
586.84 570.29 
566.88 


— 
wn 








RAID UM SANK SO a 























5,2 band \6478.422 40494.103 6502.318 
R: 


K” Qs P, Q P, 


15,428.94 — _ — 
430.25 15,425.44 _ 15,382.32 15,374.70 _ 
431.10 422.94 385.75 374.89 15,367.50 
431.55 422.03 15,411.74 388.74 374.70 363.86 
431.55 416.72 405.19 390 . 86 373.90 359.81 
431.10 412.96 398.19 392.58 372.48 355.33 
430.25 408 . 80 390. 86 393.76 370.45 350.19 
428.94 404.22 382.88 394.35 367 .86 344.48 
427.17 399.21 374.70 394.35 364.73 338.18 
424.99 393.76 365.89 393.76 360.96 331.30 


422.34 387.86 356.68 392.58 356.68 323.89 
419.26 381.51 347.12 390.99 351.81 315.86 
415.72 374.70 337.05 388.58 346.40 307 . 26 
411.74 367.50 326.54 385.75 340.41 298.15 
407.24 359.81 315.67 382.32 333.89 288.49 
402.26 351.65 304.23 378.38 326.83 278.22 
396.89 343.00 292.37 373.90 319.22 267.45 
390 . 86 333.89 280.06 368.94 311.07 256.16 
384.65 324.31 267 . 26 363.39 302.42 244.32 
377.85 314.30 254.03 357.28 293.18 231.92 
370.45 303.77 240.25 350.66 283.45 219.02 
362.70 292.77 226.04 343.56 273.17 205.51 
354.32 281.29 211.37 335.86 262.36 191.55 
345.54 269.32 196.19 327.64 251.06 177.09 
336.28 256.87 180.54 318.94 239.22 162.12 
326.54 243.97 309.67 226.85 146.53 

230.58 299.93 214.00 

216.62 200.63 

202.18 186.75 

187.27 172.51 
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TABLE I. (Continued). 
- -6,tband OO 
\5232.629  5239.288 45250.017 25254.869 
K" SRy R2 Q2 Ry Q1 P, OP x, 
0 -— -- 19,028.50 —— 
1 19,080.52 19,075.67 = 032.33 19,024.69 — 
2 081.27 072.99 19,068.50 035.74 024.69 19,017.18 Not 
3 19,095. 081.27 069.89 061.75 038.44 024.69 013.61 Observed 
; 098. 081.27 066.60 055.23 040.40 023.36 009.53 


101.25 080.17 062.28 047.67 041.63 021.59 004.61 
103. 078.88 057.66 039.92 042.27 019.17 18,999.13 
104. 077.06 052.60 031.51 042.27 016.10 992.96 
105.5: 074.70 047 .02 022.48 041.63 012.39 986.05 
103...5: 071.86 040.93 013.09 040.40 007 .99 978.65 














105.55 068.50 034.34 003.15 038.44 003.15 970.55 
104. 064.58 027.22 18,992.96 036.00 18,997.72 .78 
991.98 

103.75 060.19 019.63 982.46 032.33 ? 1986.43 
987.45 
102.14 055.25 011.46 971.09 029.10 ? \982.46 
099.56 049.79 002.86 959.34 024.69 (976.18 
096.85 043.73 18,993.58 946.79 019.63 968.01 
093.67 037.22 (983.78 934.02 014.14 960.06 
030.10 973.50 920.63 007.99 950.13 
022.48 962.69 906.49 001.17 940.24 

014.14 951.31 891.88 18,993.58 929.08 869. 

005.48 939.38 986.05. 918.56 855. 

18,996.27 926.88 976.18 906.81 840.5 

913.88 894.45 825.: 
900.31 881.54 
886.19 868.01 

871.47 

856.24 

840.59 

824.08 




















\5849.347 A5858.170 A5871.329 5877.643 
K” SRoy R2 Qo P, Ri 1 P; 


0 17,068.25 17,063.37 — — 7,012.36 — — 
1 072.57 064.49 17,059.57 — .24 17,008.62 — 
076.45 065.27 057.06 17,052.23 019.48 008.92 17,001.02 — 
080.06 065.46 054.04 045.95 022.44 008.62 16,997.61 16,990.39 
083.10 065.27 050.64 039.28 024.48 007 .65 993.58 983.26 


2 
3 

4 - a — _ — -_ —_ = = —— — 
5 085.66 064.65 046.80 031.94 025.97 006.06 989 .02 975.12 
: 087.79 063.55 042.38 024.48 026.87 003.82 983.88 966.85 
8 
9 








089.41 061.98 037.49 016.39 027.21 001.02 977 .84 957.92 
090.56 059.91 032.21 007 .88 026.87 16,997.61 971.29 948 .08 


091.20 057.40 026.48 16,998.91 025.97 993.58 964.16 938.04 











10 091.38 054.35 020.23 989.48 024.48 989.02 956.37 927.17 

11 091.20 050.89 013.50 979.48 022.44 983.88 948.08 915.75 
978.63 

090.38 046.80 006.31 969.12 019.48 2 \973.78 939.10 903.84 
974.53 

089.02 042.38 16,998. 958.20 016.24 ? \969.60 929.51 891.35 

087.24 037.49 990. 946.83 012. 963.53 919.44 p 878.63 


084.93 031.94 981. 934.84 007. 956.19 908.75 p 862.44 
082.12 025.97 972. 922.54 002. 948 .08 897.49 
078.79 019.48 , 909.80 16,997. 939.41 885 .60 
074.87 012.36 . 896.45 991. 930.13 873.25 
070.53 004 .93 : 882.51 984. 920.26 860.27 


065.46 16,996.90 ‘ 868 . 13 977. 909 . 80 846.73 
060.94 988.39 ‘ 853.21 p 969. 898.86 832.67 
979.48 ; 837.72 p 961. 887 .30 818.14 

969.86 : p 954. 875.19 

p 959.93 ‘ 862.44 

849.21 

835 .37 

820.93 
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TABLE I. (Continued). 
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45365 .018 A5369.919 
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.35 18,669.77 
89 671.08 
75 671.86 
686.11 672.09 
688.89 671.86 
691.20. 671.08 
693.07 669.77 
694.35 667.96 
595.21 665.64 
695.21 662.83 
695.21. 659.48 
694.35 655.55 
693.07 651.15 
691.20 646.14 
688.89 640.70 
634.62 
628.04 
620.92 
613.25 
604.95 
596.21 
586.89 
576.97 
566.59 
555.52 
543.89 
531.72 
518.97 
505.66 
491.67 


18,674 
678. 
682. 


= .92 
18,666.10 
663.48 18,659.48 
660.35 652.63 
656.73 646.14 
652.63 638.71 
648.01 631.19 
642.93 622.81 
637.31 614.08 
631.19 604.95 


624.60 595 .09 
617.50 584.91 
609.89 574.23 
601.78 562.96 
593.13 551.10 
583.94 538.74 
574.23 525.88 
564.02 $12.45 
553.24 498 .50 
541.94 483.95 
530.06 468 .90 
517.62 453.33 
504.67 437.14 
491.14 420.42 
477.06 403.16 
462.42 

447.52 

431.34 


— 18,620 
624.60 
627.62 
630 . 23 
632.14 


633.46 
634.10 
634.10 
633.46 
632.14 
630.23 
627.61 
624.35 
620.50 
616.02 
610.94 
605.21 


18,616.72 
617.09 18,609.57 Not 
616.72 605.98 Observed 
615.56 601.78 
613.74 596.98 

611.31 591.48 
608.17 585.31 
604.47 578.48 
600 .04 571. 
595.09 562. 
589.43 554. 
583.16 544. 
576.31 534. 
568.69 524.2 
560.61 513.0. 
551.86 501.2 

598.98 542.52 488.7: 

592.09 532.56 475. 

584.57 521.99 461. 

576.31 510.81 447. 

567.80 499 .04 432. 

558.48 486.69 417.; 

548.55 473.73 401.; 

538.06 460.17 

526.94 446.01 

515.26 431.34 

502.92 415.93 

490.11 

476.61 
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TABLE I, (Continued). 


8, 3 band 
45466.306 \5473.289 \5484.921 \5489.950 

K” SR R, Q» P, Ri Qr P, 
0 18,268.45 18,263.65 - ~- 18,213.58 _- -- 
272.63 264.76 18,259.95 _- 7.45 18,209.61 
276.44 265.49 257.36 20.59 210.06 18,202. 
279.74 265.49 254.30 18,246.52 3.47 209.61 199. 
282.55 265.15 250.74 239.65 5.03 208 .43 194. 


CSeOnauw|) wre 


284.86 264.28 246.70 232.44 ‘ 206.65 190. 
286.58 ol 242.13 224.65 me 204.25 184. 

287.82 .03 237.07 216.57 226.75 201.09 178. 

288.57 58.64 231.51 207 .82 225. 197.29 171. 149. 
288.82 55.72 225.44 198.60 .65 192.96 164. 2. 138. 


10 288.57 252.28 218.85 188.80 : 187.92 156.17 127. 
11 287.82 248.34 ro tee 178.51 220. 182.26 147. 115. 
12 286.37 243.85 204. 167.83 my i 175.98 138.1 103. 
13 284. 38.84 195. 156.55 212. 169.08 128. 090. 
14 281. 33.28 187. 144.68 208 . 4. 161.55 117.5 076. 
15 .18 178.0. 132.37 3.27 153.40 106. 062.; 
16 20.59 168. 119.48 a0 144.68 O94. 047. 
17 3.36 157. 106.10 ‘ 135.29 082. 032. 
18 205.61 147.1: 092.08 . 125.31 069. 016. 
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- © aOnwuwens 


hr hh hk bh 
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i¢ 197.29 135. 077.62 .67 114.76 055. 17,999. 7, 


| 
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188.44 123.8. 062.59 ows 103.55 O41. 982. 
179.03 111.32 047.02 59. 091.78 026.. 964. 
169.08 098. 030.87 50.4. 079.41 010. 946.. 
158.53 084.68 014.19 , 066.45 17,994. 927. 
147.49 070.55 17,996.94 29. 052.89 978. 907. 
135.7 055. 979.13 : 038.76 961. 

$23.5 040. 960.85 : 024.02 943.2 
110.77 024. 941.89 ‘ 008 . 64 924. 

097.39 008. 922.42 , 17,992.74 905. 

083.47 991. 902.40 me 976.25 886. 

069.08 973 .93 881.75 54.12 959.15 866. 

053.93 955.83 860 . 66 39.40 941.43 

038.30 937.20 02 923.16 

022.07 917.96 .36 904.29 

005 . 26 898.17 884.85 


17,987 .83 877.89 864.82 
969.69 











contribute a considerable part of the intensity. The first wave-number in the 
column headed R: should be denoted ”Q.;(0), since the line R»(0) is missing 
(cf. Fig. 1). Each branch in the stronger bands has been found to begin with 
the value of K” expected from Fig. 1, with the possible exception of the P: 
branch, the first lines of which are extremely weak. Thus in the 8,3 band, the 
line P.(2) was not found, although its expected position is free from other 
lines. On the whole, however, the evidence from the missing lines is definite, 
and shows that the “II state must be inverted, since there is a greater number 
of missing lines in the low-frequency sub-band. 

The appearance of the bands under high dispersion is shown in Fig. 2, in 
which one typical regular band, 8,3, and one which shows marked perturba- 
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Fig. 2. Bands of the red CN system. A. The 8,3 band. The four heads are marked below. 
Above, the Q, lines are designated, and numbered with the values of A’’. Wave-lengths increase 
to the right. B. The 6,2 band, enlarged somewhat more than the 8,3 band in A. The perturbed 


branch Q, is marked below. Displacements of the lines toward the red or toward the violet are 
indicated by a rise or fall of the otherwise horizontal connecting line. C. Microphotometer curve 
of the first part of the 8,3 band. The position of the single missing line between the two strong 
branches R: (long lines) and Q, (short lines) is indicated by the dotted line. D. Microphotometer 
curve of the main perturbation in the 6,1 band, corresponding to that shown in B for the 6,2 
band. 
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tions, 6,2, are reproduced. The irregularities and “extra” lines which occur in 
the regions of perturbations are designated in Table I by p and will be con- 
sidered in detail below. In Fig. 2c, a microphotometer trace is given of the 
first part of the 8,3 band, to show the single missing line occurring between 
”®Q.,(O) and Q.(1). A Fortrat diagram of this band is given in Fig. 3. The 8,3 
band was chosen as a representative strong band in which there is a minimum 
of overlapping, and which contains no perturbations. 


Fig. 3. Fortrat diagram of the 8,3 band. The circles are experimental values, while the 
curves have been drawn according to the theoretical Eq. (1), using the constants given in Table 
I\’. The largest deviation from experiment is one-tenth the diameter of one of the small circles, 
hence less than the accuracy of drawing the curves. 


Line intensities 


Instead of giving visual intensity estimates of all the lines, as is usual, we 
have preferred to study the intensity relations in the typical 8,3 band in a 
more quantitative way. The original plates were not calibrated with density 
marks, and since they were color-sensitized the form of the characteristic 
curves is very uncertain. Considerable information can, however, be obtained 
from a study of the photographic densities of the lines, since this at least gives 
the proper order of intensities. Fig. 4 gives the density, or logarithm of the 
opacity, of every unblended line in the 8,3 band, measured on a green sensi- 
tive plate which was developed about 4 minutes in metol-hydroquinone. The 
opacities of the line centers were obtained with a Zeiss-Koch recording mi- 
crophotometer, having the slit much narrower than the width of a line. 

The intensities of the several branches should be given by the theoretical 
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formulas derived by Hill and Van Vleck.'® Qualitatively, the observed rela- 
tions are those to be expected if the superposition of the satellite branches on 
the corresponding main branches is taken into account. The “II state is inter- 
mediate between Hund’s case (a) and case (b), with the result that for very 
low J the case (a) intensity relations are approximated, while for large rota- 
tion, we have very nearly case (b). In strict case (a) the twelve branches of 
Eqs. (2) are of comparable intensities, the order being Q;>R;>P;. In case 
(b), however, the SR. and °P)». branches, with AK =2, are strictly forbidden, 
and the satellites °Ri2,”’Qie, “Qe: and @P2; with AK #AJ, are very weak. In 
Fig. 4 it will be seen that the *Ro; and °Pj». branches are weakest of all, and 


Fig. 4. Photographic densities in the 8,3 band. The densities d of all lines which are not 
known to be blended are plotted against J, the mean J in the upper and lower states. 


fade out very soon with increasing J. However, at the lowest values of J, the 
SR., branch is fairly strong, and in several bands its first line, *Rei(0) could 
easily be measured. This results from the fact that for very small rotation 
case (a) is approached. In the branches in which coalescence with a satellite 
occurs, we find at first a very rapid rise of intensity, where the satellite branch 
is strong, then a more gradual falling off after the satellite has decreased to 
the very low intensity characteristic of case (b). The R; and P, branches, on 
the other hand, are weaker at first, but at the highest J have become practi- 
cally equal to R. and P,, respectively, as the intensity formulas for case (0) 
require. Fig. 4 shows that the total intensity of *II;;.—°2 is distinctly greater 


1 E. L. Hill and J. H. Van Vieck, Phys. Rev. 32, 267 (1928). Cf. also the review by R. S. 
Mulliken, Rev. Mod. Phys. 3, 94 (1931), sections J2c, J2d, J3, and Fig. 29. 
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than that of *II,;.—*°S. This appears to be in agreement with the intensity 
equations of Hill and VanVleck if the *II,,2 and “IT, 1/2 levels are initially about 
equally populated.'® 


Rotational terms of the *S state 


Because of the double character of all the rotational terms in *II and *= 
states, the combination principle as applied within any one band does not 
yield more than a single value for a given term-difference. Exact agreements 
are expected only when an identical term-difference is evaluated from two 
bands with a common vibrational state. This requirement will be found to be 
fulfilled for all of the bands in Table I. As an example, we quote in Table II 
the values of the differences 


R\(K — 1) — Pi(K + 1) = AF 1'"(K), 


TABLE II. Combination differences A2F,"' for the *S state. 























K 112 2y—2y 12 | tyey 

4,1 6,1 | 1,1,(U &P) 0,1(H) 5,3 6,2 | 1,2(H) 
3 — 18.72 18.85 18.74 18.46 18.63 18.82 
4 26.29 26.21 26.04 26.21 25.94 26.25 26.09 
5 33.90 33.83 33.63 33.74 33.41 33.42 | 33.42 
6 41.30 41.27 41.21 41.21 40.67 40.60 | 40.84 
7 48.71 48.67 48.76 48.69 48.10 48.13 | 48.26 
8 56.19 56.22 56.22 56.21 55.58 55.58 55.64 
9 63.67 63.62 63.58 63.60 63.05 63.05 62.98 
10 71.15 71.08 71.17 71.15 70.46 70.50 70.42 
11 78.63 78.62 78.53 78.62 77.90 77.89 | 77.80 
12 86.09 85.95 86.23 86.18 85.32 85.38 | 85.16 
13 93.53 93.55 93.69 93.61 92.84 92.93 | 92.57 
14 101.05 100.51 101.01 101.06 | 100.09 100.04 99.92 
15 108.37 108.47 108.55 — | 107.53 107.49 107.41 
16 115.96 115.87 115.85 116.08 114.87 = 114.87 114.81 
17 123.42 123.38 123.38 —- 122.22 122.28 | 122.06 
18 130.86 130.81 130.81 -- 129.58 129.58 | 129.71 








as found from the bands with v” =1 and 2. The violet CN bands, having the 
same lower state, also give values of A, F” for v=1 and 2, and these are given 
in the table for comparison.”° Data for the violet bands are from Heurlinger,”! 
and from Uhler and Patterson.” 

Since the rotational terms of the lower state are identical with those al- 
ready known from the violet bands, no new information about them can be 
derived from the red bands, except in regard to the spin doubling, as dis- 
cussed below. Our data include bands with v” = 1, 2 and 3, and the rotational 
constants have been computed, with the hope of improving the accuracy for 
states 2 and 3, for which the data from the violet bands are poor. Treating the 


20 Since the spin doublets in the violet bands are not resolved for low K, the combination 
differences represent the mean of AF; and A2F2. This should differ from AF; itself only slightly. 

21 T, Heurlinger, Dissertation, Lund (1918). 

22. H.S. Uhler and R. A. Patterson, Astrophys. J. 42, 434 (1915). 
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combination differences in the usual manner by the method of least squares, 
we find the following values of B,”: B,” =1.8731, B.” =1.8558, B;” =1.8384, 
from which we obtain 


B," = 1.8991 — 0.01735(v” + 3). 


This agrees well with the equation obtained from the violet bands by Heur- 
linger*!: 

B," = 1.9002 — 0.0173(0” + 3). 
The slight difference in B,” is probably due to different methods of evalua- 
tion. In our computation, the term in D,” was corrected for by using the val- 
ues from the equation 


D,"” = — 6.401 X 10-§ — 0.00949(0” + 3) x 10°, 


which results from the theoretical relations between D,, B, w., a., and x,. 
Further information about the constants of the 22 state could be obtained by 


measuring other bands with higher v”, but we have not undertaken to do this. 
Spin doubling in the *> state 


The violet bands permit us to determine only the difference between the 
spin doublings, i.e., the separations of Fi(K) and F,(K), in the upper and 
lower *X states. From *X->* bands, the absolute value of the spin doubling 
cannot be found in either state, because only F,—>F, and F,—F, transitions 
occur. The red bands should yield the actual doubling in the lower state. It 
is extremely small, however, and the satellite branches are in no case resolved 
from the main branches. Evidence for the doubling is found, however, in the 
fact that at high values of K a slight difference is found in the combination 
differences, such that 


De Ry 
‘Rk — 1) — te (K +1) < ‘a (K — 1) — Px(K + 1) 
21 21 
and 
j Or (K — 1) —op (K +1) < R(K = 1) -} PK 41) 
eR, ” . PO. 


Since all of the lines in each inequality come from the same upper state, this 
can only result from a doubling in the lower state. We can assume that the 
satellites are of negligible intensity at high K, where the inequality is appre- 
ciable. The doubling is then found from the relations 


[Ri(K — 2) — Pi(K)] — [Q.(K — 2) — °Pi2(K)] 

= [R.(K) — P2(K + 2)] — [SRa(K) — Q2(K + 2)] 

= Fy'"(K) — Fy"(K) = yo(K + 3). 
On plotting these differences, they appear to be linear in K within experi- 
mental error, and the resulting values of yo are, for v” =3, yo = +0.0071, for 


% E. C. Kemble, Jour. Opt. Soc. Am. 12, 1 (1926). Cf. also F. A. Jenkins, Phys. Rev. 35, 
327 (1930). 
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v” =2, yo= +0.0082. Hence F, > F2, as usually occurs, and the splitting is of 
the same order of magnitude as the actual doubling of the lines in the violet 
bands, which in the 0,0 band amounts to 0.0090 (K"”+3) for low K.** Un- 
fortunately do data are available for the doubling in the violet bands with 
v” =2 and 3, so that the term-splitting in the upper *~ state cannot be eval- 
uated. 


Rotational terms of the “II state 

The combination relations yield term differences A.F;’ which refer either 
to the 7’. or to the 7, terms, as will be evident from the energy levels of Fig. 
1. The differences A,F;.’, obtained by using the *R.; and °P» branches, are 
slightly less than the true values, because of the spin doubling in the lower 
state. Hence only the values of A». Fj,’, obtained from the main branches, have 
been used in calculating the constants. These are also more accurate because 
of the greater intensity of the lines involved. In every case the application of 
the combination principle gives term-differences showing the proper rela- 
tions if it is assumed that in the “II states 72,>7.». and 7;.>T7 4 for low J, 
and in the *X state 7, > 7» throughout. An example of the agreement of com- 
bination differences in the upper state is given in Table III, derived from the 
6,1 and 6,2 bands. 


TABLE III. Exact and approximate combination differences A.F;' for the "11 state, v' =6. 





6, 1 band 6,2 band 
R,(J) SRo(J) R(J)— 


—-P\(J) —Q:(J—-1) P(J) 


13.04 
19.51 
25.99 
32.71 
39.07 


Ri(J) SRa(J) 0:(J +1) 
—-P\(J) -Q(J-1)  °Pi2(J) 


13.00 
19.39 
26.02 
32.46 
38.86 


18.56 
24.83 
30.87 
37.02 
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24.83 
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.36 
38 
73 
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.07 
44 
85 


99 .00 
105 .32 
111.74 
117.84 
123.91 128.77 
130.57 135.18 


109.89 .68 
115.91 


122.42 


105.34 
111.66 
117.84 
124.14 
130.49 
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In determining the constants we have used the fact that for low values of 
J, the following term-formulas are approximately valid :* 


* R. T. Birge, Astrophys. J. 55, 280 (1922). 
% R.S. Mulliken, Rev. Mod. Phys. 3, 116 (1931), and Eqs. (47), (46) in 2, 113-4 (1930). 
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3/2: T(J) = C + Br aaalV + 4)? — @)*] + DisinJ +44 +--- 

"Wij: T2J) = C+ By -an[J + 4)? — (3)2] + T, .cald + 04 >.<, 
where C is a constant depending on the value of v. In these expressions B,, »* 
is the “apparent” value of B, which is obtained by assuming that the low ro- 


tational terms have the form characteristic of case (a). It is connected™ with 
the true value of B, by the relation 


(3) 


By ti: = By(1 + B,/AA). (4) 
To evaluate B* ,, for the various values of v, we investigate the quantities 
AF/J) = FiJ +1) -—F/iV — 1) 
= 4B s(J +3) + 8Di,.20 +4)? +--- 


Since the second term is small, we can assume without appreciable error that 
D* »=D,=D.+6(v+}4), where D, is given by the well-known relation® 


D, = — 4B,°/w,’. 


Using preliminary values of B., w., and of the quantities required for calcula- 
ting 8, one can compute the term 8D,(J+ 4)’, subtract from the quantities 
A. F,'(J), and, dividing by J+}, obtain 


[AF s’(J) — 8D.(J + $)8)/VU + 3) = 4B). 2. 


This quantity is nearly independent of J, and extrapolation to J =0 gives the 
B* , values represented by Eq. (4). The mean of Bo, 41/2 and BYi,* then 
gives the true value of B,. The evaluation was carried out graphically, as il- 
lustrated in Fig. 5. Strictly, the extrapolation should have been carried out to 





Fig. 5. Illustrating the graphical determination of B?.x. 
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zero rotation, rather than to J=0. The difference, especially in B,, is, how- 
ever, slight, and unfortunately not exactly determinable. The resulting con- 
stants are given in Table IV, in which are also included the constants of the 
lower state, and the molecular constants derived from these. 


TABLE IV. Constants of the band structure. All quantities are in cm~! units, except J, and r,. Strictly speaking, the B* values 
apply only to the d rotational levels. 
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The column headed —A gives the experimental values of the electronic 
separation in the *II state. They were determined from the relation” 


|A| = T.'(3) — T,'(13) + B,’ — 3B,"2/| A| 


The variation in A for the different vibrational states is regarded as real, 
since independent results for this constant from different bands with the same 
upper state agreed closely. Thus the 6,2 and 6,1 bands gave 52.50 and 52.55, 
respectively, while the 7,3 and 7,2 bands gave 50.97 and 50.81. The high 
value for v’ =6, and the low value for v’=7 are undoubtdely connected with 
the perturbation effects described below. 

We have adopted A = —52.20 as the most probable value of the coupling 
constant. In Table IV the differences By. 41)2—B*, :.* are compared with 
their theoretical values from Eq. (4), namely 2B,*/A. The agreement is satis- 
factory, both in their magnitude and in their decrease with v’, but the per- 
turbations in A invalidate any more quantitative conclusions. The slight dis- 
crepancies between observed and calculated values can be attributed, at least 
partly, to the uncertainty already noted in connection with the extrapolations 
to get the B,* values. The constants B, are represented within experimental 
error by the equation 


B, = B, — a(v +3). 


The results for B, and a are included in Table IV, as well as the moment of 
inertia, 7., and the internuclear distance r, in the equilibrium position. As a 
rigorous test of the term-equations (1), we have computed the terms and ob- 
served frequencies for the 8,3 band, using the constants given in Table IV. 
As expected, slight systematic discrepancies are found at high values of K, 
which can be further reduced by slight adjustments of the constants. They 
are of the order of 0.2 cm~' at K = 30, and entirely negligible on the scale to 
which the Fortrat diagram of Fig. 3 is drawn. 


* R.S. Mulliken, Phys. Rev. 33, 747 (1929). 
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A-doubling in the “IT state 


The term ®;(/) in the energy formulas (1) is double-valued for each com- 
ponent of the *II state. This gives rise to four series of terms 7)., Tia, T2. and 
Ta, the subscripts c and d having the theoretical significance assigned to them 
by Mulliken.*’ The separation of 7). from T\,, and of 72, from T24 is small 
and represents the A-doubling. It is defined as the difference 


Avac = Ta(J) = T(J). 
In the present case we can evaluate it from the relations 


[Re(J) — Q2(J)] — [QJ + 1) — Po + 1)] ~ 2Aveac(J + 4) for 2My)9; 
[RiJ) — Q.1J)] — [01 + 1) — PJ + 1] ~ 2Arnac(J + 4) for *M5/2. 


Fig. 6 shows graphically the observed Av,. in the initial states v’ =4 to 8. For 
v’=4, 5, and 8 it takes the form known to be characteristic of II states inter- 
mediate between case (a) and case (6). As has been shown by Mulliken and 


oval 
| 
































Fig. 6. A-doubling in the *II state. The heavy curves in the cases v’=4, 5 and 8 are the 
theoretical curves, with the coefficients given. For the perturbed states v’ =6 and 7, the curves 
are empirically drawn. Large dots and large circles are values of Av;a- (7113/2) and Avoge (211) /2) 
obtained from the main branches. Small dots and circles are values whose determination in- 
volved the fainter branches *R2, and °P,». In the v’=7 figure, crosses are data from the 7,3 
band, dots and circles from the 7,2 band. All data for v’ =6 are from the 6,2 band. 


27 R. S. Mulliken, Rev. Mod. Phys. 3, 94 (1931). 
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Christy,'” the theoretical work of Van Vleck on A-doubling leads to the follow- 
ing expressions: 


Aveae = [(20 + go)(1 + 2X-* — VX-) + 2goX-"VJ — 3) + 13)]U + 4) 
Aviae = [(3P0 + go)(— 1 + 2X-* — VX-*) + 2goX—"'VJ — 3)U + 13) TV +3). 


Here Y=A/B,, X= |Y[(Y—4)+(J+3)?]"2|, and po and go are coefficients 
independent of J which are characteristic of the particular electronic and 
vibrational state. To determine these constants, the following relations are 
used : 


Aveac(J) — Aviac(J) = (po + 2q0)(J + 3) 
Aveae(J) + Arrac(J) = [(po+ 2q0)(2 — Y)(I+3) + 4q0(J — 3)(J +3)(J 413) X71. 


The theoretical curves are shown in Fig. 6, for the states v’ = 4, 5 and 8, drawn 
according to the Po and go values indicated. The agreement is good for v’ =4 
and 5, but for v’ =8 a slight trend in the Ava. points is observed for high J. 
This is analogous to certain of the results of Mulliken and Christy, and is al- 
most certainly due to the rotational stretching of the molecule. 

In the case v’ = 7, Aveg. takes on exceptionally large values, and the experi- 
mental points cannot be fitted by curves involving only the two parameters 
poand go. We regard this unusual doubling as having an origin similar to that 
of the perturbations in v’=6, where quite evidently no simple equations like 
the above will hold. This will be discussed in the following section. 


Perturbations 

In the theoretical calculation of A-doubling, for a *II state, certain terms 
enter which involve a summation over all of the *= and 2A states of the mole- 
cule. As shown by Mulliken and Christy, however, in many cases the effect 
is due predominantly to a certain *2 state, which stands in the relation of 
“pure precession” to the “II state and usually contributes a term much greater 
than the rest. In the present case, judging from the size of the observed po 
values, this 7 state is probably a high excited level not yet known experi- 
mentally (cf. the analogous case of BO, reference 17, pp. 99, 118). But in the 
present case a particularly large interaction also occurs for certain values of 
v and J, in spite of the absence of a relation of pure precession, between the 
*II and the lower *2 (a?) states when their rotational levels have nearly the 
same energy.?” According to Kronig*® this is the cause of the perturbations, 
or irregularities in the term-series, which have been found in the terms of 
a> “D(J) from a study of the CN tail bands.”® (The superscript in parentheses 
is used to designate the vibrational quantum number, v). Kronig’s theory pre- 
dicted a corresponding perturbation in the *II terms for each of those in a®Z. 
This was partially verified by Rosenthal and Jenkins,” who discovered a 
marked perturbation in the terms near *II3/2“ (13}), corresponding to that 


27 Cf. reference 17, expecially pp. 110, 113-4, for a discussion of the relation between 
A-doubling and perturbations. 

28 R. de L. Kronig, Zeits. f. Physik 50, 347 (1928). 

2° F, A. Jenkins, Phys. Rev. 31, 539 (1928). 





RED CN BAND SYSTEM 35 


previously known near a?2“ (133). For this work, an analysis of the 6,2 band 
of the red system was made, from the same plates as those used in the present 
investigation. Rosenthal and Jenkins also showed that the a?2“ (J) terms 
undergo further perturbations at J = 253 and 27}. 

Since the existence of perturbations depends on the near coincidence of 
levels of the same J in two different electronic states, it is necessary to find 
the relative positions of the rotational levels in the two states. If the crossing 
is to occur at a relatively small value of J, it is obvious that the vibrational 
levels must also approach each other closely. In Fig. 7a we have drawn to 
scale the vibrational terms for the four states a?Z, *II3,2, Ii/2 and b?2. The 
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Fig. 7. (a) Electronic and vibrational terms of CN. The levels drawn to scale, with the 
vibrationaless condition of a?= as the zero of energy. Transitions are indicated giving one of the 
strongest bands of the red system, the violet system, and the tail bands, which are part of the 
violet system. 

(b) Vibrational levels a?2=“, a?=°), 11 © and *11™ with the associated rotational levels. 
The scale is magnified 163 times over a, and measured from a?=“" (0) as zero. Displacements 
of the rotational levels are found at the perturbations (but not shown in the figure), which ec- 
cur where levels in a? cross those in “II with the same J value. These points are designated by 
the horizontal dashed lines. 


*II terms were found from the observed AG, values for the range in which they 
are available from the red bands, (AG41/2 to AGio1/2) and the remainder extra- 
polated by the vibrational equation deduced below. The terms for a*2 and 
b> are values derived by Birge from a study of the existing data on the violet 
system, and kindly made available to us in advance of publication. The AG, 
values of a? are known experimentally only for low v (0 to 3) from the ordi- 
nary violet CN bands, and for a range of high v (9 to 15) from the tail bands. 
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Nevertheless, Birge finds that they both fit a linear AG,:v curve accurately, 
and so the absolute magnitudes of the higher G,. terms can be computed with 
some precision. The numerical values used in Fig. 7a are given in Table V. 
it will be seen that a2=“ and a?‘ lie very close to “11 and “II respec- 
tively. This accounts for the fact that the only anomalies such as perturba- 
tions and unusual A-doubling observed in the red system occur in the initial 
states v’ = 6 and 7. It accounts equally well for the fact that the only anomalies 
connected with the final state of the tail bands* are the perturbations in v’’ = 
11, and the unusually large spin doubling in v’’ = 12. 

To examine the situation in more detail, we consider the relative positions 
of the rotational levels associated with the above-mentioned vibrational 
states. These are plotted to scale in Fig. 7b, from the numerical values given 
in Table V. Since the absolute values of the vibrational terms are not known 
with great exactness for the a? state in this range of v, their positions relative 
to “Il are best determined by the perturbations. These show that the terms 
7), in *II3;. are crossed by the 7: terms of 22“ between J=12}3 and 13}. 
In the article by Rosenthal and Jenkins,” it was assumed from theoretical 
grounds that the 7). terms could only be perturbed by 7) terms in the *= 
state. That this is not necessarily true, and that the displacements of the 


TABLE V. Term values of the CN molecule. 
a. Vibrational terms, G,-+ T~. 





"Ali/2 


x 11,960. 6. 28,828.99 
3.55 13,671.32 13,723. 28,952.49 
.46 15,408.45 15,460.65 31,035.59 


78.87 
.80 


10,978.23 
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14,771.63 
16,628.60 
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20,465.09 
22,099.00 


23,707.50 
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26,846.97 
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25,516.07 
27,214.10 
28, 885 .63 
30, 530.67 
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33,741.29 
35, 306.87 


36, 845.95 
38, 358.55 
39, 844.65 
41,304.27 
42,737.39 


44, 144.03 
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31,362.56 
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31,414.2 
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38,425. 








45,936.00 
47,538.76 


49,081.18 
50.564.76 
51,993.04 


53,369.53 








t 
“~ 


os 


2viail) 
3.39 


Di 
.39 


wre 


LS 


.90 


.97 


Con uU 


Zoe 








ue SO | 


~I 


RED CN BAND SYSTEM 


TABLE V. (Continued). 
Term values of the CN molecule.* 


b. Rotational terms (Smoothed in perturbed regions) 











AT yo)” 


446. 
498.15 
552. 
609. 
670. 


733.85 
800.5 





1755.86 
1762.58 
1772.61 
1786.04 


1802.81 
1822.96 
1846.37 
1873.25 
1903.35 


1936.93 
1973.69 
2013.99 


2057 .40 
2104.40 


2154.56 
2208.14 
2264.90 
2324.86 
2388.02 


2454.38 


211,).(7 


1714.89 
1719.76 
1727.88 

.22 


82 


.59 
71 
74 
.00 


64 
41 
5.26 


.32 


28.52 
.95 
24.49 
77.13 
2233.06 
2.05 
2354.13 
2419.42 


2p (12)( J) 


2I1a/26” — Tyo? (J) 


1665.45 
1673.02 
1683.50 
1697 .32 
1713.86 
1733.85 
1756.46 
1782.58 
1811.48 
1843.68 
1878.73 
1917.02 


1958.18 


2002.68 
2050.01 


2100.65 
2154.11 
2210.93 
2270.51 


37. 
36. 
34. 
33.3 
a 


62 


Si. 
30.28 
29.6: 
29.25 
28. 


28.52 
28.4. 
28. 


870.29 
943.22 
1019 





72 
55 
“82 
"35 

32 


tmme 


1098.55 1098 


26 1115.37 


tN 
on 
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monn 
1180.37 1197.71 
1265.70 1282.05 
1370.69 
1461.33 


toh 
Nm 


1354 
5 1445 


O01 
54 





1556.27 
1653.21 








* Notes: For the ?= terms, both J; and J, apply. For the *II3,2 terms, J; alone applies. For 
the *II,/2 terms, J: alone applies. 


levels are more symmetrical if it is the 7, ?= terms which are perturbed, has 
been pointed out by Ittmann*® in a discussion of these perturbations in CN. 
This change is definitely required by our other results. In Table V we have 
taken the crossing to occur about 3 of the way between J = 123 and 13}. The 
positions of the remaining terms were then calculated by summing the experi- 
mental values of A, Fy. This places the lowest level of *I13;. 57.3 cm~! above 
the lowest level of 22°". This figure is probably correct to within 1 or 2 cm“, 
and is substantiated by the fact that the two vibrational terms given in Table 


30 G. T. Ittmann, Zeits. f. Physik 71, 616 (1931). We wish to thank Dr. Ittmann and Prof. 
H. A. Kramers for sending us the manuscript of this paper. 
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IV differ by 59.4 cm~'. The agreement is remarkable, considering the long 
extrapolation used by Birge in calculating the high *2 vibrational terms. 

In the analysis of the 6,2 band, it was found that besides the perturbation 
mentioned above, which affects the Q; and °P»2 branches in the neighborhood 
of J’=13}, the Ri and R: branches are also perturbed at the highest observed 
values of J. The displacements in the R; branch exceed 1 cm beyond J’ = 223 
and in the R, branch beyond J’ = 24}. These perturbations evidently corre- 
spond to the very large ones found by Rosenthal and Jenkins in the 7; terms 
(revised notation) of 72°" at J =253 and in the 7, terms at J = 27}. They are 
predicted by Ittmann as due to the crossing of these terms by 714 and 7 u, 
respectively. These perturbations are much more violent than that at J = 133, 
a fact which probably accounts for our failure to observe lines in the per- 
turbed branches above J’=223 and 243, respectively. One would expect a 
very strong interaction of 7), of *II with 7, of 22, since at high values of J we 
have essentially case (b) spin coupling in both, the spins being parallel to K 
in both of the two states which perturb each other. Similarly, it should also 
be strong between 724 and 72, where the spins are anti-parallel to their K’s. 
In Table V, the terms as far as J = 303 have been computed by extrapolation 
beyond J=20}. Very satisfactory evidence for the above-mentioned coinci- 
dences is obtained, as will be seen by reference either to the table, or to Fig. 7b. 

The interpretation of the unusually large A-doubling in *II,,;.“ and of the 
corresponding spin doubling in 72“ follows from the relative positions and 
spacings of the associated rotational levels. The level *IIj,2°” (3) lies only 37.6 
cm~! below the lowest 7; level, 22“? (4). Further, the *II;’2 levels start off 
with a spacing which slightly exceeds that in the 72“ state. Levels of the 
same J in the two states therefore approach each other at first, and, as is 
evident from the last column of Table V, reach a minimum separation at 
about J =11}4. It is known that the interaction of two levels becomes greater 
as their separation decreases, and we should therefore expect a maximum in 
the A- and spin-doubling at J =11}. This is in accord with observation; the 
curve of A-doubling for v’ = 7 shown in Fig. 6 has a maximum at about J = 113, 
and is remarkably similar in form and magnitude to the spin doubling curve 
for 72“), which also reaches a maximum at the same J value.*! 

The near equality of the constant B, in the two perturbing state 
(B, =1.5855 in *11, 1.6945 in a 22“) is of some importance in permitting 
the large interactions here observed. The unperturbed rotational levels cross 
each other gradually in this case, with the result that some come into very 
close coincidence. 

Another important factor in causing the relatively large interaction ob- 
served is the fact that the U(r) curve of the *II state approaches that of the 
a *= state very closely for moderate and large v values. According to Morse 
curves constructed by one of the writers, the outer branch (r>7,) of the U(r) 
curves of the *II state crosses that of the a?= state at an almost grazing angle 
in the neighborhood of v=14 of the *II state. The two curves then remain 
nearly in coincidence for higher v values. According to this, the observed per- 


| Fig. 2 of reference 29. 
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turbations at v= 6 or 7 come below the crossing point, but the two U(r) curves 
are already very near together. This is important because it means that the 
vibrational part of any *II wave-function has a pronounced maximum at 
nearly the same value of r as that of any 72 wave-function which has nearly 
the same energy. This tends to make the two wave-functions interact 
strongly. 

Although the near approach of the U(r) curves and of certain rotational 
levels of the ?= and “II states favor large interactions and large perturbations, 
it is probable that in respect to the electronic parts of their wave-functions, 
these two states are very unfavorable for interaction. Hence as a net result 
the observed perturbations are not very large. 

In the 6,2 band, the Q; branch, as recorded in Table I, has two lines repre- 
senting each of the J’ values 123 and 13}. This duplicity results from the fact 
that when the states interact very strongly, their wave-functions become 
“mixed,” in such a way that *II receives some of the characteristics of a ?2, 
and vice versa. As a result, transitions become possible which have partially 
the character of transitions from a 72“ to a 22, and this accounts for the 
extra lines. In a similar way, extra lines were observed in the tail band 
b ?2CD—4q 22D, for the same J values. These lines really could equally well 
be designated b?=°—]I‘®, The microphotometer curve of Fig. 2d illustrates 
the intensity relations near the perturbation in the 6,1 band. 


TABLE VI. Intensities, band heads and band origins. 
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VIBRATIONAL STRUCTURE 


In addition to the rotational structure of the seven bands given in Table I. 
we have measured the R: head of every band appearing with any intensity, 
in order to derive equations for the vibrational energy. The results are given 
in Table VI, the frequency of the head in vacuum being the upper of the two 
frequencies given for each band. Frequencies given in parentheses are those 
of bands which were too weak to measure on our plates. The frequencies 
given are from measurements of Fowler and Shaw, and Asundi and Ryde. 
They were not used in our analysis, because not very accurate. 

Each R» head is very near the origin v2 of a *II,;/2.—?L band. The corrections 
necessary to convert heads to origins are easily made from our data, as fol- 
lows. From the term-formulas (3) we find 


va — v2 = (3)B.” — Be -1)2/4(Be.-1/2 — By’). 


The origin vo of the complete band is (v,—v,—A/2) cm~'! from the R, head. 
Applying the correction v;,—vz to the head frequencies eliminates the rota- 
tional energy, and yields the values ve, which are also given in Table VI. The 
combination principle applied to vibrational term differences obtained from 
our data gives values of AG which are consistent to a few hundredths cm~ in 
all cases where the measurement was reliable. The data for the (3,0), (5,0), 
(8,1) and (10,3) bands may be somewhat in error, because of the indistinct- 
ness of the heads. The Ra, Ri, and Q; heads were in general more difficult to 
measure than R:, and the data are omitted. 
The vibrational differences for the lower state fit the equation 


AG,.”” = 2068.792 — 26.352(v” + 3) 


with a mean deviation of 0.02 cm~!. This agrees very well with Heurlinger’s 
expression® from the violet bands, which gave w, = 2068.89, 2x,w, = 26.50.” 
The upper state differences are not nearly as regular. In deriving the equa- 
tion, we were obliged to omit the experimental values of AG ¢1/2 and AG71/2, as 
they obviously did not fit in with the others. The equation adopted is 


AG,’ = 1788.659 — 25.766 (2’ + 3) 


with deviations (obs.-calc.) for AGsi2 to AGioi2 of —0.13, +0.16, —1.35, 
+0.82, +0.10, —0.14, +0.13 cm™, in order. It will be noticed that AG¢,/2 is 
smaller than expected, and AG7,/2 larger. This would be explained if the vibra- 
tional terms of two electronic states in coming close together “repelled” each 
other, as do rotational states at a perturbation, for then the II‘ level would 
be shifted up, and “II down (see Fig. 7b). Support for this idea is found in the 
fact that the interval AGyy/2in a *2, as found from the tail bands,** is about 
2 cm larger than expected, and AGy1/2 about 0.7 cm~! smailer. That it is 
somewhat arbitrary to distinguish between a “vibrational” and a “rotational” 


% As pointed out to us by Professor Birge, this value for 2x, was originally given by Heur- 
linger, misquoted as 27.50 by Kratzer (reference 8), and erroneously copied by Jevons (refer- 
ence 7) and Birge (reference 9). 
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perturbation is indicated by the results of Rosenthal and Jenkins.*® A “vibra- 
tional perturbation” occurs when a whole set of rotational levels is simultane- 
ously perturbed. It is true, however, that in these cases one cannot represent 
all of the band origins by a smooth function. The abnormal values of A deter- 
mined experimentally for v’ =6 and 7 (see Table IV) probably are due to the 
above effect. The best representation of the band origins is, from the above 
results: 


vo = 11,043.20 + 1788.66(0’ + 3) 
— 12.883(v’ + 3)? — 2068.79(0” + 3) + 13.176(0" + 4). 


The vibrational intensity distribution in this system is shown by the bold 
face numbers in Table VI, most of which are eye estimates from the work of 
Fowler and Shaw.‘ We have added the 8,1 and 11,3 bands, which appear 
faintly on our plates. For many of the infrared bands, intensity estimates are 
not available. In order to establish the hitherto uncertain vibrational num- 
bering of the *II states, we have drawn U(r) curves for the a ?= and the °I 
states, with Morse functions, and have determined the nature of the intensity 
distribution to be expected in the "IIa 22 bands according to the method of 
Condon, using the wave mechanics.* Comparison with the observed intensi- 
ties shows excellent agreement when the U(r) curve of the *II state is drawn 
corresponding to the v numbering used here, which is that first proposed by 
Asundi and Ryde.® Any other v numbering gives disagreement. These results 


make it evident that most of the spectrum must lie in the infrared, largely 
beyond the reach of photography. 


% J. E. Rosenthal and F. A. Jenkins, Proc. Nat. Acad. Sci. 15, 896 (1929). 
* Cf. E. U. Condon, Proc. Nat. Acad. Sci. 13, 462 (1927), and Phys. Rev. 32, 858 (1928) 
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BROAD LINES IN THE ARC SPECFRUM OF COPPER 


By C. W. ALLEN 
COMMONWEALTH SOLAR OBSERVATORY, CANBERRA, AUSTRALIA 


(Received November 11, 1931) 


ABSTRACT 


Attention is called to the anomalous broadening behaviour of certain lines in the 
copper arc spectrum, particularly those arising from initial terms c'D2,;. Breadths of 
several lines have been measured with copper arc spectra and pressures up to eighty 
atmospheres. The following are the most essential conclusions drawn:-——(a) broad 
lines with the same initial term have the same breadth, (b) all lines show a linear in- 
crease of breadth with increasing pressure, (c) lines arising from c‘D2,; terms have a 
considerable breadth at zero pressure. The intensity contours of \\4378, 4539 and 
4587 (cD2 ; lines) at one atmosphere have been determined and found to have a form 
represented by the formula a?/[(A—)o)?+-a?]. The discussion touches on the nature 
and cause of the breadth of some of the copper lines, it being concluded that the 
breadth is an inner property of the copper atom, i.e., not due to external disturbances. 
The effective diameter of the copper atom would need to be increased considerably by 
excitation if the pressure broadening is to be accounted for by the Lorentz collision 
effect. 


1. INTRODUCTION 


T IS a fairly general result of spectral analysis that lines of a single multi- 


plet are characterised by similar structures; but the rule is not invariable, 
and the classifications of Shenstone,! Beale,? and Sommer’ for the copper spec- 
trum all agree in ascribing lines of very different breadths to single multiplets. 
The copper quadruplets which exhibit this peculiarity most strikingly are 
associated with transitions from c*D initial terms (Shenstone’s notation" is 
adopted), and the lines are characterised by the following structure: 

Initial term Character of line 
cD, sharp 
cD, broad 
cD; broad 
cD, sharp 

The object of the present work was to investigate the broadening phe- 
nomena presented by these and other multiplets in the copper spectrum. The 
broad lines in particular show some unusual features, and it was hoped that 
measurements of their breadth might lead the way to an explanation of their 
peculiarities. 

As the breadth is generally governed by the initial term, repetition will be 
avoided by referring to lines by their initial terms—thus 44509 (a*F2,—c*D,) 
may be called a c'D, line. The word “sharp” refers to the character of the line 
and not to the series. 


1 Shenstone, Phys. Rev. 28, 449 (1926). 
2 Beale, Proc. Royal Soc. 111, 168 (1926). 
* Sommer, Zeits. f. Physik 39, 711 (1926). 
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2. LINE BREADTHS IN EMISSION SPECTRA 


The breath of an emission line is usually defined as the whole wave-length 
distance between the two points where the intensity is half that of the maxi- 
mum; this is often called the half-value breadth, and the definition is adopted 
in the present paper. 

The chief objection to the use of the emission spectra for studying line 
breadths is that reversals are frequently present. By reversal the central part 
of the spectrum line is weakened more than the wings, the effect being to 
make the half-value breadth greater than that of the original emission line. 
However, the lines with whch we are particularly concerned are not reversed 
to any appreciable extent, and the results obtained indicate that no notice- 
able discrepancy has been caused in this way. 


3. THE SPECTRUM AT ATMOSPHERIC PRESSURE 


An ordinary electric arc has been employed with currents from two to ten 
amperes. In most cases the poles were of pure copper, but an alloy (Cu, 20 
percent Ag, 80 percent) has been used for some spectra. 

The spectrograms were photographed with a three-prism Hilger spectro- 
graph of focal length 25 feet, the dispersion in the region investigated ranging 
from 0.8 to 2.4 mm per angstroms. Austral “Orthochromatic” and Ilford 
“Panchromatic” plates have been used, and were developed with “Rodinal” 
one-in-twenty. A good flow of developer over the plate was assured in all 
cases. Some plates were developed in a dish, a baffle being moved to and fro 
about 2 mm above the plate. Others were developed in a tank similar to that 
described by Dobson, Griffith and Harrison.‘ 

The optical system is shown in Fig. 1. 




















Fig. 1. 


A step filter F*-° was mounted immediately in front of the slit S. By means 
of the lens ZL; the arc was focussed on to the collimating lens Le, the image 
being of such size that the light from the incandescent poles could be excluded 
(though this made no difference). In this way it was found possible to obtain 
an even iilumination of the slit, and the optical system was more economical 


‘ Dobson, Griffith and Harrison, “Photographic Photometry” p. 77. 
5 Baly, Spectroscopy, Vol. 3, p. 157. Pannekoek and Minnaert, “Photometry of the Flash 
Spectrum” p. 10, 
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in light than that originally used by Dorgelo.® Times of exposure range from 
three minutes to two hours. 

The step filter was prepared by exposing adjacent strips on a photographic 
plate and developing in the usual way. In order to determine the transmission 
coefficients for the various strips the filter was mounted as in Fig. 1, and a 
Pointolite spectrum photographed through it. On the same plate a series of 
Pointolite spectra with varying slit widths was photographed. It was assumed 
that the intensities of the members of this series were proportional to the slit 
widths; thus by measuring their densities with a Moll microphotometer at a 
certain point in the spectrum, it was possible to find the relation between in- 
tensity and density for that particular wave-length. In actual practice it is 
convenient to regard the galvanometer deflection of the microphotometer as 
a measure of plate density. (The plate density D is usually defined by the 
equation D=logio Uo/U, where U» equals deflection for clear glass, and U 
equals measured deflection.) The spectrum, when taken through the filter, 
becomes divided into a number of sections corresponding to the several filter 
steps. By measuring the densities of these sections, and by using the density- 
intensity relation just found, it is possible to derive the relative intensities 
for the sections, and hence the transmission coefficients of the filter steps. The 
calibration has been checked by comparison with a Zeiss platinum deposition 
filter that had been calibrated with an infrared spectrograph. 

The arc spectrograms were photographed with the same optical system as 
shown in Fig. 1, and the microphotometer employed to trace the density 
curve for each section of the line. By plotting the central density for each sec- 
tion against intensity, as given by the filter calibrations, several points are 
obtained on the characteristic density-intensity curve for the wave-length re- 
gion of the line being measured. From this curve one may determine the dens- 
ity which represents half the intensity of the line maximum, and thus the 
half-value breadth may be measured directly from the microphotograms. 
This method obviates all difficulties of uneven development and change of 
plate characteristic with wave-length. 

The half-value breadths measured in the one atmosphere spectrum are 
given in Table I. 

Each value in column 3 is the mean of from three to six measurements 
made in the different sections of the spectrum, and the variation in these 
values should indicate the accuracy to be expected. No instrumental correc- 
tion has been applied; this will be referred to later, but it obviously cannot be 
greater than about ten percent for the broad lines, since \4509 is quite sharp. 
Background corrections were frequently necessary; in one case the back- 
ground intensity was forty percent of the intensity of the line maximum. Less 
reliable values are enclosed in brackets, the cause of the uncertainty being 
faintness of the line, or doubt about background correction. 

In Table I lines with the same initial term have been grouped together, 
and it is apparent that within experimental error the breadth in wave-number 
units is the same for the lines in each group, There is, of course, a considerable 
change in breadth when angstrom units are employed. 


6 Dorgelo, Zeits. f. Physik 13, 206 (1923). Dorgelo, Phys. Zeits. 26, 756 (1925). 
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TABLE I, 











Designation 





a‘D,’ —c'D,; 
a'D;’ —c'D; 

a’ F; —_ cD; 
a‘D, —c'D,; 


a’ F,—c'D; 


a‘'F, = cD; 
a‘Fy—c'D; 


a‘P,—cD; 
a'P;—c'D; 


a‘D,’—c'D, 
a‘D,’—c'D,. 
a'D;'—c'D, 


a?F;—c'D, 
a’F.—c'D, 
a‘F;—c'D, 


a’P,—c'D, 
a‘P,—cD, 
a'’P;—c'D, 


a*D,’ —CD,; 
a*D,' 7 CD; 
ary CDs; 
SF;—CD; 


atFs;—CD; 
a’P,—CD; 


a’P, — b» 
a'D,’ = by 
a? F3;—b» 


a*D;’ “=~Gy 
a*D,’ —d23 
a*Fy—az; 
a*D;’—d'S; 
a*D,’ —ds; 
a*D;'—CG, 


a*?P,—c'D, 
a'F,—c'D, 
a’P,—<c'D, 


a®F;—c'D, 








a’P.—c'D; 





| (4.6), 4.8,4.65 
| (4.7), (4.6), 4.7 








Breadth in cm™ 


Remarks 





2.9 
(3.0), 3.0, 3.05 

2.83, 2.94, 3.00, 2.97 
2.97, 2.98, 2.95 
(3.2), 2.8,3.1,3.1 


(3.0), (3.3) 
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? 


Pe ee 


(5.0), (4.4.4), 4.7, 4.4 
4.75,4.64 
(4.8) 


5.04, 4.88, 4.94, 4.75, (5.0), 4.82, 
4.78,4.9 
5.01 (5.1), 4.73, 4.88 


.3, 8.63 

1 

.1, (8.0), 9.06, (9.3) 
.92, 1.04, 1.03 


.77, 1.82 
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A broad 
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background. 


line 


?? Blended line 


In wings of 
45218 


Heavy _ back- 
ground. 


Faint. 


Faint. 





From the casual inspection of the copper spectrum all ctD, and c*D, lines 


would be classified as sharp, but there is actually a considerable difference be- 
tween them. In general the cD, lines are sharper than c‘D,, but apparently 
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exceptions to this rule exist; further refinement in measurement would be re- 
quired to deal quantitatively with these lines, and for the present the chief 
purpose in observing them is to correct for the broader ones. 

It seems obvious that there is a broadening factor present in the c'D»,3; and 
other broad lines which is definitely associated with the initial term. This 
will be referred to as the natural term breadth. In estimating the magnitude 
of this factor, which is the unusual feature of the lines in question, it is noted 
that all lines, broad and sharp, are influenced by instrumental breadth, pres- 
sure effect, Doppler effect, and radiation damping. I shall assume that the 
breadth of \4509 (this being about the sharpest, and lying in proximity to the 
strongest broad lines) is entirely due to these causes. The natural term breadth 
can then be found by subtracting the breadth of 44509 from the breadth of a 
line with the required initial term. The results of this operation are given in 
Table IT. 























TABLE IT. 
_Term designation - ; 5 ton tenteh or _ 
“1 

Shenstone | Sommer - cm" 
cD; 4D; 2.89 2.50 
cD, ‘Do 4.87 4.48 
CD; 2p;} 3.90 3.51 
b, 27.) 2.25 1.86 
a3 2D 9.1 8.7 
diS, 2D.8 1.00 0.61 
d; 2D3 1.80 1.41 

















We are justified in simply subtracting the breadth of 44509, since the in- 
tensity contours of both broad and sharp lines are approximately of the form 
a?/[(A—Xo)?+a?] (see Section 6). When two primary broadening factors act 
independently, whether one be an instrumental effect, or whether both are 
spectroscopic, the resulting breadth may be obtained by combining together 
the two primary breadths; but not necessarily by simply adding them. The 
relation between A, and A, the primary breadths, and A the resultant breadth 
may be derived from the formula? 


J(x) = fo r@-se — udu 


where L(x) and S(x) represent the intensity contour of the primary factors, 
and J(x) is that of the resulting line. x is the wave-length distance from the 
center of the contour. It is found that the relation between A,, A» and A de- 
pends on the nature of the contours, and particularly on the intensity in the 
wings. Four types of contours are considered: (a) When there are no wings at 
all in the functions L(x) and S(x) (i.e., when they are of the form L(x) =m, 
from x = —A,/2 to +A;/2 and L(x) =0 for other values of x) then the relation 
becomes 4=A, (supposing A; greater than A,). (b) When small wings are 


7 Ornstein and Minnaert, Zeits. f. Physik 43, 404 (1927). 
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present, as in the case of the errors curve L(x) =e~*", we have the relation 
A=(A,2+A,*)"? and the resulting contour is also an errors curve. (c) Passing 
to a contour with more prominent wings, namely a?/[x?+a?], we find the rela- 
tion A=A,+Asz, and here again the resulting contour is similar to that of the 
primaries. (d) At the other extreme when the wings are very prominent as 
for the contour e~?'*! no simple relation exists, but A>A,+ Ao. 

From the a?/[x?+-a?] contours in the present case it is apparent that the 
breadths may be simply added and subtracted. 

As mentioned before the current strengths ranged from two to ten am- 
peres. All measurements have been collected in Table I regardless of arc con- 
ditions. In order to examine whether there is any appreciable change of 
breadth with current strength the various values under different arc condi- 
tions are shown in Table III. Neglecting \4509 (a sharp line) it will be seen 
that the measurements do not show any change of breadth with current 
strength, and also that the Cu-Ag alloy (20 percent copper) gives the same 


Pasre IIL. Breadth in cm 

















| Pure copper arc || Alloy Cu 20% 
Ag 80° 
d | | _— - || ---— 
|| 2amps | 3 amps. + amps. © amps 10 amps./] 3 amps. | 10 amps 
4674 | 2.94 2.90, 2.87 | 2.92 | 
4587 || 2.94 2.78,2.86,2.84 2.79 2.85, 2.82.2.78,2.91,2.96 | 2.98 2.90 
4539 | 5.0) | 5.04,(4.9 | 4.88 4.75, 4.78 | 4.82 4.94 
4416 | 5.01 (5.1), 4.88 4.73 
4378 || 2.95 2.71,2.92 2.90, 2.74, 3.00 2 
4509 || 0.38 0.37,0.39 | 0.46 0.37 





results as pure copper; it is not unlikely that there is a slight increase of 
breadth with current strength of the same order as that exhibited (visually) 
by the sharper lines, but of course the effect is too small to detect in the 
broader lines. This constancy of breadth is perhaps the more significant in 
view of the considerable intensity changes for the same current variation. 
(See following paper.) 


4. Tne SPECTRUM AT HIGHER PRESSURES 


The plates employed for determining the breadth of lines at higher pres- 
sures are grating spectrograms exposed some years ago by the late Dr. W. G. 
Duffield, and already described by him.* The source of light was a copper arc 
with a current of about thirteen amperes, and increase of pressure was ob- 
tained by forcing air into a cylinder enclosing the arc. It was not possible to 
deduce the characteristic curve separately for each plate, but the curve for 
the one-atmosphere plate was derived in a manner to be described, and it was 
assumed that other plates, which had been developed under similar condi- 
tions, had the same characteristics. 

To find the relation between density (or galvanometer deflection of the 
microphotometer) and intensity for the one atmosphere plate, use was made 
of the two to one sum-rule intensity-ratio for the lines \4531 and 4480 
(2?P»,—3°S). This value has been confirmed for arc spectra in this labora- 


8 Duffield, Phil. Trans. A209, 205 (1908). 









48 C. W. ALLEN 


tory, whence it appears that reversals, if present, have not appreciably af- 
fected the intensity ratio. A small difference of breadth was observed, the 
ratio for A\4531:A4480 being 1.14:1. If it be assumed that the total intensity 
of each of these lines is proportional to the product of the breadth and the 
intensity of the maximum, then the relative intensity of the line maxima for 
A4531:A4480 must be 2/1.14=1.76. This value is required for determining 
the characteristic curve. The lines on the grating spectrogram are drawn out 
by astigmatism, and spectra of the different intensities can be measured by 









6th. Section 


_" Section. 


3rd. Section. 
2nd. Section. 
Ist. Section. 


P Q Log. Intensity. 
Fig. 2. 









Galvanometer Deflection. 



















running the microphotometer at different sections normal to the lines. For 
each section the deflections for the maxima can be plotted against log inten- 
sity, as shown on the left of Fig. 2. Here the distance PQ equals the known log 
of the intensity ratio (i.e., log 1.76). The position of P is chosen arbitrarily. 
There are only two points to fix each curve, but the curves could be drawn, 
nevertheless, by use of the assumption that they are parallel to each other 
in the sense that for any pair the horizontal distance between them is con- 
stant. The final characteristic curve, AB in Fig. 2, is drawn by moving the 


TABLE IV. Breadth in wave-number units. 


























|} Pressure in atmospheres | Rate per 

N Designation |, —— _— —| atmo- 

} 2 | 6 | 22 | 41 | 61 71 81 || sphere 

je . — 7 ow. eee 

4587 | atFi—c'D; || 2.84 | | 16.0 | 25.5 | 28.5 || 0.33 

4539 a‘F;—c'D, 4.4 6.9 11.4} 19.2 28.6 36.0 || 0.38 

4531 22P,—3*S 1.16 6.2 18.0 - || 0.85 
4509 a‘F,—c'D, || 0.64 2.5 6.7 — — — i 
4507 a? Fy—as | 9.1° 10.6 — — — — — || 

4378 a*P;—cDs || 2.71 4.95 9.2 15.2 19.8 | 26.5 | 30.2 || 0.33 

4275 a'P;—c'D, || 0.55 2.9 6.5 11.9} 17.3} 23.2 | 25.7 |) 0.31 

3530 | m*D.—a'F; || 0.6 | — 23| 44] 6 —.| — || 0-10 








* Measured on prism spectrograms. 


® Payne and Hogg, Harvard College Observatory Circular No. 301. 1927, 
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shorter curves horizontally to the right until they come into contact with 
each other. A similar graphical method has been employed by Payne and 
Hogg?’ for stellar spectra. By means of the characteristic curve the galvano- 
meter deflections may be converted into intensities. The half-value breadths 
may then be measured on the microphotograms. The results are shown in 
Table IV and Fig. 3. 





nN 
Oo 


ine Width in Cms:! 


! 
v 














) | 
te] 20 40 60 a0 
Pressure in Atmospheres. 
Fig. 3. 


The deviations from a linear relation between breadth and pressure are 
probably due to the inaccuracy of the assumption that all plates have the 
same characteristic. It was found, in fact, that to give consistent results it 
Was necessary to measure breadths on lines whose central density had a cer- 
tain selected value. This introduces a certain amount of arbitrariness, and 
perhaps a considerable error into the absolute magnitude of the measure- 
ments, but it is not at all likely to affect any of the conclusions I have drawn, 
which are as follows: 

(a) There is a linear relation between breadth and pressure for all the 

lines measured. 

(b) For the cD lines the rate of increased broadening with pressure is al- 
most the same; the variation of the rate is practically within experi- 
mental error. 

(c) The line \3530, whose initial term is at a much lower level (and there- 
fore less likely to be disturbed by atomic collisions), is broadened 
much less rapidly than the other lines. 

(d) The series line 44531 is broadened much more rapidly than the non- 
series lines. 
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(e) The rule that lines with the same initial term have equal breadths still 
holds as the pressure increases. 

(f) Extrapolating to zero pressure it would seem that all the ctD»2,; lines 
have a considerable breadth apart from any pressure effect. 

(g) The broadening of 44507, (and presumably all lines with the initial 
terms d3, bs, c?-D3, and perhaps some others), if of the same nature as 
that associated with the c*Dz ; lines. 


5. Tue Vacuum Arc SPECTRUM 


From the foregoing results it appears likely that the c'De,; lines would re- 
main broad when produced under low arc pressures, and consequently a few 
vacuum arc spectra have been secured in order to ascertain whether this is 








| 
| 
| 
: 
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© Observed Values 


Fig. 4. 


actually the case. These lines, however, become particularly faint at low pres- 
sures,!° and at a pressure of 3 cm with a current of 11 amperes they were only 
just visible. The breadths of the c*D2,; lines, \4587 and 44539, at this pressure, 
are practically the same as at atmospheric pressure. 


10 J. Barnes, Astrophys. J. 34, 159 (1911); G. Wolfsohn, Ann. d. Physik 80, 415 (1926). 
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6. INTENSITY CONTOURS 


Intensity contours of 44587, 44539 and 4378 at one atmosphere (prism- 
spectra) have been derived from the microphotograms, using the intensity- 
density curve previously determined. 

In Fig. 4 the experimental values are plotted against two empirical con- 
tours of the form a?2/[(A—Xo)*+a?] and e-*°-*? respectively, the constants 
a and b having been so adjusted that all the curves have the same half-value 
breadth. Fig. 4 shows that the lines are symmetrical and that they approxi- 
mate more closely to the form a?/[(A—Xo)?+a?] then e*°-?, There are 
some differences among the contours of the sharp lines, but \4509 approxi- 
mates closely to the same form a?/[(A—Xo)? +a? ]. 

It has not been possible as yet to plot intensity contours for lines at higher 
pressures. Many of them are unsymmetrical, and the shape of the contour is 
often different on the two sides. The ratios between the breadth of the red 
and the violet side 4,:A, are summarised briefly in Table V. 


TABLE V. 
Serine: wrens wee _ ries 
d Iype of line } Ay, Ae | 
30 | «m’D.—a'F; 1.0 | Broadens symmetrically. 
3¢ cD»; lines | 1.0-+2.0 | 1.0 at one atmosphere and approaches 2.0 as 
the pressure increases to about 80 atmos- 
pheres. 
4275 cD,,4 lines 2.0 | Ratio does not change greatly with pressure. 
4531 | series line 2.7 | Do Do 


| 


7. DIscuUssION 


The point to which it is desired to draw particular attention is that there 
still remains a considerable breadth to the c*D,.,; lines, (and probably other 
lines in the copper spectrum), when the arc pressure is reduced to zero. These 
lines therefore remain broad under conditions that in other spectra usually 
produce sharp lines, and one is faced with the question of the cause of their 
breadth. The factors usually considered to cause the broadening of lines" 
may be collected into three groups: 


(a) The broadening consequent upon experimental conditions, including 
finite resolving power, Doppler effect, and reversals. These factors do 
not represent an actual range in emission frequency, and for study of 
atomic phenomena usually require to be eliminated. 

(b) Broadening consequent upon emission conditions, including the effect 
of atomic collisions, coupling of atoms, electrical fields, and external 
disturbances of this kind. 

(c) The natural breadth which remains when all external disturbances 
have been eliminated. 


1 Michelson, Astrophys. J. 2, 251 (1895); Rayleigh, Phil. Mag. 29, 274 (1915). Holtzmark 
and Trumpy, Zeits. f. Physik 31, 803 (1925); Von Kluber, Zeits. f. Physik 44, 481 (1927). 
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With reference to (a), the breadth of the c*D.,; lines and other broad lines 
cannot be attributed to incomplete resolving power, since many much sharper 
lines are observed; nor to Doppler broadening, since its effect, when com- 
puted, is too small. Reversals are usually stronger for the more intense lines 
of a multiplet; and since the breadth under discussion is in no way a function 
of the intensity, this cannot be the cause; moreover the contours of the lines 
give no indication of reversals. 

Concerning (b), one would expect to find the effect of atomic collisions the 
same for all lines of the multiplet, and proportional to pressure. This probably 
plays a considerable part in the broadening of lines under higher pressures, 
but cannot account for such broad lines at one atmosphere. The lines have 
not been reported as sensitive to electrical fields™ as is the case with the much 
narrower 2°P—3°S lines, and therefore the breadth is not a Stark effect. 
Moreover, the effects of any such causes as these, which depend upon total 
pressure, should tend to vanish as the pressure decreases to zero, whereas 
there is quite a considerable residual breadth at zero pressure for the c*D2,; 
lines quoted. On the other hand, any cause which depends on concentration 
of copper vapour such as coupling effect and broadening due to the existence 
of molecular copper," should be sensitive to change in current strength and 
composition of the poles of the arc, whereas no such variations have been 
found. 

Apparently the phenomenon comes under group (c). The fact that the 
breadth is influenced so little by external conditions suggests that it is an 
internal property of the individual copper atom, depending on some peculi- 
arity of the orbit. It is improbable that the broadening is due to unresolved 
satellites of nuclear origin since the lines are so wide and have an energy dis- 
tribution of the form a?/[(A—Xo)?+a?] which is so fundamental in the theory 
of broadened lines. No sign of composite structure can be found from the 
spectra. 

There are two possibilities which present themselves. (a) Normal spec- 
trum lines are known to have a small natural breadth of the order 10° secs.“ 
(or 10-* cm~!) on account of radiation damping.” This has been explained in 
quantum language” by taking account of the finite length of time that an 
atom remains in a level before spontaneously radiating a spectrum line 
thereby falling to a lower level. In the normal case the mean life of a state is 
about 10~° sec., giving as before a breadth of 10° sec.~'. However, metastable 
levels are known whose mean length of life is considerably greater than 10°* 
sec., and the possibility arises that particularly unstable levels may also exist 
for which the mean life is less than 10~-* sec. If such were the case presumably 
the lines produced from the unstable levels would have natural breadths 


2 Takamine, Astrophys. J. 50, 23 (1919). 

3 Mensing, Zeits. f. Physik 34, 611 (1925); Holtsmark, Zeits. f. Physik 34, 722 (1925). 

4 Harrison and Slater, Phys. Rev. 26, 176 (1925). 

% Planck, Wied. Ann. 60, 577 (1897). 

© Van Vleck, Quantum Principles and Line Spectra, Bull. Nat. Res. Council, No. 54, 
p. 166, 1926. 
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greater than 10% sec.-', and a mean life of approximately 10~-" sec. would 
produce lines with widths of the same order as those of the c*D2,; lines. More- 
over, the intensity contours would be of the a?/[(A—Ao)?+<a?] form as found 
(Section 6). 

(b) On the other hand, the indefiniteness of the energy level may be due to 
aperiodicity of the electronic motion. A sharp quantization cannot be ex- 
pected when the motion is not multiply periodic, or when the multiple 
Fourier series is only semi-convergent," and broad lines would then be pro- 
duced. 

Whether due to instability or aperiodicity the breadth would be associated 
with the affected term, and all lines arising from one such term would have 
the same breadth as has been found in the present case. It is apparently rare 
to find wide lines of this type, but possibly the effect exists to a smaller degree 
in a number of sharper lines. It is however difficult to see why some lines 
should be affected, while others in the same multiplet are not. A study of the 
electron configuration has not, as yet, suggested any reason for the anomaly, 
nor have I been able to discover any regularity between breadth and term 
designation. 

If the natural term breadth A, is a purely inner atomic phenomenon, then 
the pressure broadening A, of the lines concerned should be simply super- 
imposed. In Section 3 was shown the manner in which the combination of the 
two broadening factors depends on their contours. In the present case the in- 
tensity contour of the natural term breadth is of the form a?/[(A—)o)? +a? ]. 
I have not been able to determine the contour of the pressure broadening 
alone, (as exhibited by \4275 (a*P;—c'D,) say), but the microphotograms 
give the impression that the wings are, if anything, more prominent than for 
a®?/[(A—Xo)?+a?]. Consequently the resultant breadth A should be equal to, 
or perhaps slightly greater than, A,+A,. If the pressure broadening for all 
the lines of the at¥ —c*D multiplet is the same, then, as the pressure increases, 
we should expect the difference in the breadth to remain constant or to in- 
crease slightly. There is in fact a small increase shown in Fig. 3, though not 
more than could be accounted for by experimental error. The results are 
therefore consistent with the view that the natural term breadth and the 
pressure breadth act independently; that is to say, that the natural breadth 
is not affected by pressure. 

It might be mentioned that the breadth of the pressure broadened lines 
is considerably greater than that produced by the Lorentz collision effect, if 
the ordinary gas kinetic atom radius is adopted. From the Lorentz collision 
theory the line breadth 2v’ is given by 2v’=1/aT7 where 7 is the mean time 
between collisions. 

From the kinetic theory of gases” 


Lens (3)(Le2) 
T oe h m, mM, 


2 m,\'!? 
mw: N-S,,7-C- (1 + =) 
mM, 


17 J. Jeans, The Dynamical Theory of Gases, 4th Edn., 1925, Equation 703. 
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and by using approximate values for the arc conditions (i.e., temperature 
= 3,000°IKX; number of copper atoms in arc plasma small compared with other 
atoms; diameter of air molecule=3.3X10-%cm), and with the value of 
2.7X10°-8cm for the diameter of the copper atom, calculation for a pressure 
of 61 atmospheres gives a breadth of 


2.67 X 10! secs.-1. 
The measured values are: 
for 3530 (m*D. — a4f3) 18 X 10!" secs.-!. 
f 4509 (a4f, — c4D) 


_ 57 X '10!° secs.—!. 
4275 (atPs — cD) 


or 
If the Lorentz collision effect is the chief cause of pressure broadening, it 
would be necessary to assume'® that the effective diameter of the copper 
atom is about 1210-8 cms when emitting A3530 and 2410-8 cm for 
44509 and \4275. However, from the asymmetry of the lines it is clear that 
another factor is contributing towards the line breadth,’® and consequently 
these values are likely to be an overestimate of the diameter of the excited 
atom. It is interesting to note, nevertheless, that the lines arising from the 
higher energy levels, such as c‘D, lead to greater atomic diameters than for 
the lower a‘F levels. This would be expected since the electronic orbits are 
greater in the higher levels. 


18 Stuart, Zeits. f. Physik 32, 262 (1925). 
19 Minkowski, Zeits. f. Physik 55, 16 (1929). 
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THE INTENSITY OF QUARTET LINES IN THE 
ARC SPECTRUM OF COPPER | 
By C. W. ALLEN 
COMMONWEALTH SOLAR OBSERVATORY, CANBERRA, AUSTRALIA 


(Received November 11, 1931) 


ABSTRACT 


Intensity measurements in the arc spectrum of copper have been made for the 
quartets a*D!—c'D, a‘F—c'D, atP —c'D, by using an electric arc at atmospheric pres- 
sure, and currents ranging from 1 to 19 amperes. It has been shown that the lines of 
these quartets may be divided into two groups, (a) those with initial terms cD, 4 
(sharp lines) and (b) those with initial terms ctD,,; (broad lines), such that within each 
group the intensity relation of the lines remains practically constant for all current 
strengths. In comparison with group (a), however, the lines of group (b) increase 
their intensity rapidly with current strength up to about 12 amperes, beyond which 
they remain constant. The intensities approach nearer to the sum rule predictions for 
currents over 12 amperes, but even then there are some deviations. Nevertheless the 
similarity between the observed and calculated values supports the accuracy of the 
line classification. 


N THE preceding paper an investigation has been made of the abnormal 

breadth of certain quartet lines of the copper spectrum. The same lines are 
characterised by unusual intensity changes, which have been measured, and 
are discussed in the present paper. The lines observed belong to three 
quartets a*D’—c'D, atF—c'D, atP—c'D, which occur in the region \4000-— 
5600, and the designations are given for convenience in Table I, where the 
broad lines are marked “x”. 


TABLE |. Wave-lengths of lines measured. 




















7 Initial terms 

Final terms cD, Ds CDs cD, 
a‘D,’ §292 5144, 
a‘D;’ 5555 5391, 5212, 
a‘D,’ 5432, 5250, 5016 
a'D,’ 5355y 5111 
a'F; 5641 
a'F, 4704 4587, 
a'F; 4797 4675,, 4539, 
a'F, 4842, 4097, 4509 
a'P; 4275 4177, 4009, 
a'P, 4378, 4259, 4104 
a'P, 4416, 4249 








EXPERIMENTAL METHOD 


The method of measurement employed is similar to that developed by the 
Physical Institute of Utrecht, but with the optical system described in the 
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preceding paper, (see Fig. 1, p. 43). In the present case the light from the 
whole of the arc, including the poles, has been allowed to fall on to the spectro- 
graph lens. 

Two filters were employed (1) a photographic filter made in our own 
laboratory, and (2) a platinum deposit filter made by Zeiss. Both were cali- 
brated by the method described in the previous paper, and about the same 
number of observations were made with each. An infrared spectrograph also 
was used to check the calibration of the Zeiss filter in the region 45000-5600. 
The change of absorption with wave-length for the two filters was in the 
opposite sense, and there was no systematic difference between the results of 
each. The graphs should indicate the accuracy to be expected from the meas- 
urements. 





Intensity. 

















Slit Width. 
Fig. 1. 


The color correction’ was made in the usual manner with (a) an a.c. Poin- 
tolite, and (b) a spiral filament lamp. The brightness temperature of the 
tungsten bead of the Pointolite was determined by means of an optical pyrom- 
eter, and from this the colour temperature was derived from the data of 
Hyde, Cady, and Forsythe.' The color temperature of the spiral lamp had 
been determined for a given voltage by the Nela Research Laboratory. 

Most of the observations were made with a Hilger El quartz spectrograph 
using a slit whose width was equivalent to 27 cm~! units on the plate at 
44500. Even with as wide a slit as this it was necessary to make a correction 
for the intensity of the broad lines relative to the sharp ones. In order to 
estimate the magnitude of this correction, use was made of the line contours 
determined in the previous paper. In making photometric observations the 
microphotometer deflection is determined for the center of the image only, 
and if the line is sharp the whole of its light energy contributes towards this 
central intesity. For a broad line however this is not so, since the central part 
of the image does not receive any of the light that lies outside the region whose 
wave-length distance from the center is greater than half the equivalent 
width of the slit. In the accompanying diagram (Fig. 1), which represents the 
intensity contour of the line, only the shaded part contributes towards the 
measured intensity, whereas it is desired to know the total intensity repre- 
sented by the whole area; the values measured should therefore be increased 
in the ratio 


1 Hyde, Cady and Forsythe, Phys. Rev. 10, 395 (1917). 
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It has been shown in the preceding paper that the intensity distribution of the 
lines in question is of the form a?/[x?+<a?] where for \4587 “a” has the value 
1.44 cm.~! Therefore for this line 





ia (1 -44)? 
total area wo X* + (1-44)? 1-07 
= = 1-07. 

shaded area f (1-44)? 


Cnn © iE a 
—13°5 x*°+(1 -44)? 





Consequently the intensity of \4587 must be increased by 7 percent. Similar 
corrections were made for all c'Dz and c*D; lines. It should be remarked that 
in adopting this procedure it is assumed that the a?/[x?+a?| form extends 
much further on either side of the line than has actually been measured. A 
similar assumption would have to be made whatever method was used to cor- 
rect for the difference of breadth. 

There was a certain amount of doubt about the intensity of some of the 
lines when the small resolution of the quartz spectrograph was used, on ac- 
count of the proximity of other lines. In order to overcome this difficulty 
these lines were measured also with a large three-prism spectrograph, which 
gave more than sufficient resolution, but which had the disadvantage that 
only a small region of the spectrum could be photographed at one time; thus 
the intensity of lines measured with this instrument could be compared only 
with neighbouring lines. In order to determine the intensity of each line, the 
breadth was multiplied by the maximum ordinate of the intensity contour. 
The method of measuring line breadths has already been described. 

Ilford Panchromatic plates have been employed, and developed with Rod- 
inal in a tank similar to that described by Dobson, Griffith and Harrison.* 
Photograms of the plates were made with a Moll microphotometer, it being 
necessary to have a trace run off for each of the six sections of the spectrum 
produced by the filter steps. 

The intensities were reduced graphically by the standard procedure. The 
background intensity, (which for the wide slit was considerable), was sub- 
tracted to give the true intensity of the line. No correction has been made for 
reversals, and it is believed that, if the effect is present at all, it is small be- 
cause (a) in the broad lines there is no sign of reversal, which would be de- 
tected by a dip in the top of the microphotometer trace, (b) the change of 
relative intensity of sharp lines, (or alternatively broad lines), with current 
strength is small, if indeed it really exists. The small variation shown by 
44704, however, may possibly be due to a systematic diminution of the in- 
tensity of \4651 by reversal with increased current. Reversals, then, may 
have modified the results slightly, but an allowance for them would not bring 
the results nearer the theoretical values. 


2 Dobson, Griffith, and Harrison, Photographic Photometry, p. 77. 
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SOURCE OF LIGHT 


An ordinary electric arc at atmospheric pressure was employed, the condi- 
tions being similar to those in the preceding work on line breadth. The dis- 
tance between the poles was from 5 to 10 mm, and the current strength 
varied from 1 to 19 amperes. 


RESULTS 
The results of the measurements are shown in the Figs. 2, 3 and 4. 
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In Fig. 2 the line 44651 (a*F;—c'D,) has been taken as the standard, and 
for the various current strengths the relative intensities of other sharp lines, 
whose initial terms are either c‘D, or c'D,, are given. It will be noticed that 
there is practically no change of relative intensity with arc current. 

In Fig. 3 the same line is taken as standard and the intensities of the 
broad lines, whose initial terms are either c'D»2 or c'D3, are plotted. In this 
case a regular change of intensity is observed. 

In Fig. 4 a broad line \4587 (a*Fy—c'D;) is taken as standard, and the 
intensities of other broad lines, with initial terms cD» or c'D3, are compared 
with it. The results show no systematic change with current strength either 
for c'D» or c'D; lines. The increased irregularity of the values on the left of 
the diagram is due to the diminution of intensity for smaller currents. 

The diagrams show that the lines of these quartets may be divided into 
two groups, (the c4D;,4 and the c'D.,; groups), which are just as distinct as 
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regards their intensity behaviour as their breadth. Within each group the 

lines bear a constant intensity relation to one another, while, as a whole, the 

intensity of one group changes with respect to the other. In the preceding 

paper reasons were given for supposing that the breadth of the c*D..5 lines 
TABLE IT, 

Initial Terms 


Final 


terms Sums 


a’D,’ ox 106.° 
80.0 


a’D,’ . we 29.1 
60.0 


a'D,! ; 2 | 41.0 
40.0 
a'D,' ; 17.9 
20. 
Sums 8 . a2. al 194. 
200. 
a'F, | 100. 
100. 
a'F, ; ; 78.7 
80. 


a'F; 5.8 ; Si. 
00. 


a‘'F, Bs | 26. 
40. 


Sums 23. , ; : 256. 
1? 280. 


a'P, e . é | 52 
00. 


a'P; : = ; | 30. 
| 40 


a‘P, 


Sums ; 28. 
36.0 


Total 58. 161.9 
180.0 


| /Te 








was an inner atomic property, i.e., was not caused by external disturbances’ 
It is therefore, now, rather surprising to find that the intensity of these lines 
is very much affected by external conditions (as, for example, arc current). 

It might have been expected that, since the c'D, lines are broader than the 
c'D3, the former would be more affected by arc current strength than the 
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latter. If this were so, a change of the relative intensity of \4539: \4378 
should occur, but the results show this not to be the case (see Fig. 4). 


COMPARISON WITH THE SUM RULE PREDICTIONS 


Since all lines with a common initial term have an intensity variation in 
the same sense, it is obvious that the sum rule cannot hold for all current 
strengths. However for currents above 12 amperes there is no great change of 
relative intensity, and it appears that the ratios reach a limiting value for 
high currents. It so happens that the intensities approach more nearly the 
sum rule predictions for this limiting value than for smaller currents. 

In Table II the limiting intensities for high currents are divided by v* and 
compared with the values predicted by the sum rule, as extended for in- 
dividual intensities by H. N. Russell,’. and for intensities of triads by R. de L. 
Kronig.* The line \4651 is given the intensity of 100 units for both measured 
and calculated values, and the measured value is placed above the calculated 
value. The ratios of the measured to the calculated sums /,,/J, are also given. 
It will be noted that when the intensities are added vertically there is a 
gradual decrease of /,,/J. from left to right. This may be due, to some extent, 
to the decrease of population of the higher initial energy levels on account of 
temperature equilibrium. Taking the two extremes c'D,; and c'D,, and by 
using the formula log;)R = 0.625(¢,—o:2)/7,> the derived temperature is about 
5500°KX. Although this is a considerably lower temperature than that found 
by Nottingham’ for the electrons in the copper arc, his value being from 
10,000° to 19,000°K, yet it is of interest to note that by adopting a tempera- 


TaBLe III. Measured intensities corrected for temperature (5500°R). 











Initial Terms 
Final Terms cD, cD; Ds cD, 
a‘'D,’ 76. 25.3 
a’D,’ $2 20. 6. 
a'D,’ iF 22.3 
a'D,' 12. 
41.5 


Sums a $7. 


a‘ F; 
a‘ F, 
air; 
a‘ F, 


Sums 


38. 
16. 
54. 
a'P, 0.. 
a'P, . 6. 
a‘'P, 10. 
Sums 3.6 17. 


ue |) One tv 


a 


Grand sums 39.0 171.8 112. 
Futile .00 0.96 0. 














3 Russell, Proc. Nat. Acad. 11, 314 (1925). 

* Kronig, Zeits. f. Physik 33, 261 (1925). tide Harrison and Engwicht, J.0.S.A. 18, 287 
(1929). 

® Harrison, J.0.S.A. 19, 109 (1929). 

® Nottingham, Bull. Amer. Phys. Soc. 3, 11 (1928). 
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ture of 5500°K, and correcting the intensities to infinite temperature, there is 
a general improved agreement with the sum rule. The measured intensities 
corrected for a temperature of 5500°K are given in Table III. The vertical 
sums are, of course, considerably nearer the predicted values, since the tem- 
perature has been adjusted to make them so; but it will be noticed that there 
is an improvement in the horizontal sums also. With one exception (i.e., for 
a‘Dj) the values of J,,/J. in the last column are now nearly constant within 
each multiplet. It cannot be assumed from this, with any certainty, that the 
effective emission temperature of the arc is actually 5500°K, since it is by no 
means certain that the line intensities approach so nearly the predicted 
values. There are still many wide discrepancies for the individual lines. 

In view of the difference in nature of the c‘D;.4 lines on the one hand, and 
the c'D..; lines on the other, one might be inclined to doubt the correctness of 
the term analysis, and the question arises whether the present intensity 
measurements support the classification that has been given. It should be 
remembered that the general agreement with the sum rule, described above, 
occurs only when high arc currents are employed, and that for low currents 
there is very little similarity between measured and predicted intensities. 
Nevertheless it is most improbable that there should be such agreement under 
any conditions, if the two groups of lines had no definite multiplet connection, 
and it is considered, therefore, that the intensities give strong support to the 
classification. 

It has been shown that the intensity ratio of the broad c*D,..; lines to the 
sharp c'D,,4 lines depends on the current flowing in the arc. This ratio de- 
pends also on other arc variables such as pressure; for it is found that at low 
are pressures the c*D2,; lines are very faint even for high currents. A further 
set of intensity observations has been made (not of great accuracy) to deter- 
mine the manner in which this ratio depends on current strength when the 
poles of the arc are an alloy of copper and silver (10 percent copper). The re- 
sult was approximately the same as for pure copper. 

It is apparent that the variable factor in the arc, which controls the ex- 
citation of the c'D..3 lines, increases with current strength, increases with 
pressure, and is not greatly affected by the composition of the poles. Notting- 
ham’s study of the copper arc’ has shown that there is a significant increase 
of electron and ionic concentration with increase of arc current. Moreover 
these two factors would probably increase with pressure, and be independent 
of pole composition, and thus may be directly associated with the excitation 
of c'Dz,; lines, though there seems to be no explanation why such a connection 
should exist unless it is analogous to the production of forbidden lines in 
electric fields. A further point which is interesting, though not apparently 
significant, arises out of the variation of broad line intensity with pressure. 
Bowen® has shown that the intensity of lines from metastable levels (i.e., 
levels with long mean life) is increased at low pressures. On the other hand, 
the intensity of lines arising from the c'D.,; levels, which I have suggested 


7 Nottingham, Jour. Frank. Inst. 207, 299 (1929). 
8’ Bowen, Astrophys. J. 67, 1 (1928). 
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may be associated with a particularly short mean life (see previous paper, 
p. 000), is decreased at low pressure. A little consideration however shows that 
this decrease of intensity cannot be explained on Bowen’s argument, and con- 
sequently the two phenomena are not to be ascribed to the same cause. 

I have not been able to give a satisfactory explanation of the phenomena 
connected with the breadth and intensity of these lines, but it is hoped that 
the present measurements will be of some assistance in solving the problem. 


Remarks on the two preceding papers by C. W. Allen on 


1. Broad Lines in the Arc Spectrum of Copper. 

2. Intensity of Quartet Lines in the Arc Spectrum of Copper. 

The anomalous character of the Cu I quartet multiplets with which the above papers are 
concerned has long offered great theoretical difficulty, and I have, unsuccessfully, urged several 
specialists in the field of intensities to undertake quantitative measurements. Mr. Allen's papers 
cover the problem very effectively from the experimental standpoint but he is unable to offer 
any explanation for the fact that the diffuse lines still retain their great width at low pressures 
and that, relatively to the sharp lines, they all decrease in intensity with decreasing arc current 
and with pressure. The observations form the most complete confirmation of the theoretical 
explanation which I offered last spring (Phys. Rev. 37, 1701A, 1931 and Phys. Rev. 38, 873, 
1931). Auto-ionization (Auger-effect) is undoubtedly responsible for these anomalies and Mr. 
Allen's paper offers the experimental basis for a further theoretical study of that effect. I hope 
to publish further observations on all of the negative terms of Cu I in the near future. 

A. G. SHENSTONE 
Princeton University, 
November 20, 1931. 
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THE ABSORPTION OF INFRARED RADIATION BY 
SMALL PARTICLES 


By A. H. PFUNbD AND S. SILVERMAN 
PuysicAL LABORATORY, THE JoHNS HOPKINS UNIVERSITY 


(Received October 30, 1931) 


ABSTRACT 

The absorption of infrared radiation by small particles of quartz, calcite and 
ammonium chloride has been studied. For this purpose a special radiometer was con- 
structed, with its vanes coated with the material to be studied. Evidence is brought 
forth to show that the crystals, when sufficiently finely divided, do not reflect well in 
their regions of metallic reflection. This offers a simple method of studying the ab- 
sorption spectra in these regions. In addition, a new type of selective filter employing 
a radiometer seems possible, with preliminary experiments in accord with expecta- 
tions. 


N INVESTIGATION by one of us (S.S.)' on the fine structure reflection 
spectrum of polished calcite revealed a number of narrow reflection 
maxima whose positions agreed precisely with those of narrow transmission 
minima revealed by thin layers of powdered calcite. The question arose as to 
whether these minima were true absorption bands or whether they owed their 
existence to selective reflection, in virtue of which less energy would enter the 
powder film, thus decreasing the intensity of the transmitted radiation. To 
decide this matter, a study of the absorbing and reflecting properties of par- 
ticles whose linear dimensions are small in comparison to the wave-length of 
radiation was undertaken. 

The question might have been settled by using a hemispherical, silvered 
mirror of the Paschen? type. Such a mirror not being available it was decided 
to attack the problem by a method long used by one of us (A.H.P.). This 
procedure involves coating the receiving area of a thermopile or radiometer 
with a thin film of the powdered material to be studied. True absorption 
would cause an increased heating of the receiver while selective reflection 
would cause decreased heating. 

For this work the radiometer was chosen in preference to the thermopile. 
The reason was that, since the sensitivity of the radiometer is primarily de- 
pendent upon the temperature difference between front and back of the vane, 
it was anticipated that, because of the high extinction coefficients of calcite, 
quartz, etc. in the regions of selective reflection, intense surface heating would 
be produced in case the powder particles acted as absorbers.* Two additional 
reasons which prompted the choice of the radiometer were: (1) ease of appli- 
cation of thin powder-films, (2) possibility of developing a ‘‘selective”’ ra- 
diometer, i.e., one which responds largely to a limited region of the spectrum. 

1 To be published shortly. 

2W. W. Coblentz, Bur. Stan. Jour. Res. 9, 283 (1913). 


3A detailed description dealing with the construction of radiometer vanes will appear 
shortly. A. H. P. 
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APPARATUS AND METHOD OF PROCEDURE 


For such an investigation, on which slight demands are placed upon re- 
solving power and sensitivity, it was found advisable to use a rock-salt prism 
spectrometer with an ordinary Wadsworth mounting. A single prism was 
used with mirrors of 30 cm focal length with slit-widths of approximately 0.5 
mm. A Nernst glower, run at 0.2 amperes and 220 volts, was used as the 
source of radiation. The radiometer was very robust; the vanes were 1 X 7 mm 
and were mounted upon a quartz fiber of a length which gave a period of 
about 1 sec. The vanes were prepared by mounting lens-paper on thin films 
of nitrocellulose, and combined extreme lightness with great sturdiness. The 
vanes were mounted in pairs in the usual fashion; one was given an additional 
coat of gold-leaf which was then sooted with camphor-black, and the other 
was coated with the material to be studied. It was found that the precaution 
of adding gold-leaf enormously facilitated the deposition of an adequate layer 
of soot. The radiometer behaved admirably. It was very stable, being prac- 
tically free of drifts and stray vibrations which render a lighter system of 
long period so difficult to operate; and it was possible to take all readings 
during the daytime. 

The method of procedure was to mount the radiometer in place with a large 
bottle of some three liters capacity, containing some phosphorous pentoxide, 
placed in series with the tube; the system was then evacuated by means of an 
ordinary oil-pump. The large capacity served to prevent pressure fluctuations 
when the pump was shut off, and the pentoxide prevented water vapor from 
curling the vanes when the outfit was at atmospheric pressure. The system 
was evacuated until the radiometer became slightly ballistic; this is the opti- 
mum point obtainable as it provides good sensitivity with high speed of re- 
sponse and accuracy of readings. The radiometer at these pressures is an ex- 
tremely good pressure gauge, so that it was rather easy to ascertain that the 
sensitivity of the radiometer remained constant throughout a run. In prac- 
tice it was found that the sensitivity did not suffer any measurable change 
within 48 hours after turning off the pump. The radiometer gave readings of 
about 5-20 cm at a scale distance of 2 meters. The spectral runs covered a re- 
gion from 3u to about 11p, at intervals of about 0.14. Readings were taken 
first with the blackened vane in place and immediately afterward a second 
run was taken with the powdered vane in position. The relative radiometric 
powers follow by simple ratios, for, with identical air-paths, atmospheric ab- 
sorption is equal for both runs. Following this, a set of readings was taken to 
yield the transmission spectra of the various salts on nitrocellulose; the cellu- 
lose itself was so thin that it showed first order Newton's colors, and hence 
was almost perfectly transparent to the entire region covered. Inasmuch as 
NH,Cl sublimes very readily, it was more feasible to fume the salt than to 
“paint” it. Powdered calcite and quartz were obtained in a state of fine subdi- 
vision and were mixed with water and a minute amount of gum arabic. These 
mixtures were well dispersed, and spread uniformly over the surface of nitro- 
cellulose. The films were laid down to such a thickness that a bright tungsten 
filament could not be seen through them. The radiometer vanes, it might be 
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added, were coated in a similar fashion, except that the films were very much 
thinner, giving a smooth chalky surface which was gray against its dark back- 
ground. 

The reflection data for quartz and calcite were easily obtained from pre- 
vious investigations. However, for NH,Cl, the best curve obtainable was 
that of Reinkober’ which was taken on a plate of highly compressed powder. 
Although such a plate should approximate a smooth massive crystal, it was 
thought best to use a single slab of the salt, if possible. Fortunately a large 
crystal possessing a good surface of about 3X4 cm was found in a laboratory 
supply jar. The crystal was fairly clear and when ground and polished, it 
vielded a very creditable surface. 
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Fig. 1. Calcite (a, c powder, b, plate) a, transmission; b, reflection: c, radiometer. 
RESULTS 


The reflection spectrum of calcite, Fig. 1b shows a strong maximum at 
6.5—6.6u rising very sharply on the short wave side, and falling off less 
rapidly on the long wave side. The transmission of the thin powder, Fig. 1a, 
shows strong opacity at 2.94 with a sharp rise in transparency, broken slightly 
at 3.5u, toa maximum at 5.9u of 60 percent. This is followed by a region of 
strong absorption whose center lies at about 6.8u. The calcite again becomes 
transparent but never reaches a value much higher than 40 percent on the 
long wave side of this band. The radiometric curve Fig. 1c shows calcite to be 

‘ Lecomte, “Le Spectra Infrarouge.” 

5 Schaefer and Matossi, “Das Ultrarote Spektrum.” 


6 Hardy and Silverman, Phys. Rev. 37, 176 (1930). 
7 Reinkober, Zeits. f. Physik 3, 1 (1920). 
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about 40 percent as good as soot at 3.5u. This then falls with increasing wave- 
length to a minimum of 10 percent in the region of 5u. Following this is a 
sharp, steady increase in radiometric power broken only by a small dip at 
5.8u. The curve rises again, increasing through the successive regions of 
strong reflection and absorption to a maximum value of nearly 100 percent 
between 6.74 and 7.34. The curve then falls off to a fairly steady value of 60 
percent as far out as 9.2u. It might be pertinent to remark at this point that 
it is quite essential to provide a heavily sooted vane for comparison work of 
this sort. The first sooted vane which was used was prepared simply by de- 
positing the soot directly on the paper vane; the second vane was prepared, 
as mentioned above, by depositing the black on goldleaf. It was found that 
at 10u the second vane was nearly four times as sensitive as the first. 
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Fig. 2. Ammonium chloride (a, c, fumed; b, plate); a, transmission; b, reflection; c, radiometer. 


Fig. 2b shows the reflection curve for NH,C1; the data taken for the large 
polished crystal were found to coincide very nicely with the results of Rein- 
kober on a compressed plate of the same salt. There is relatively a strong 
maximum at 7.14, and a very weak one at 3.4u. The transmission of the sub- 
limed film is shown in Fig. 3, curve a. There is a minimum at 3.4y and indica- 
tions (which are not very pronounced) of another minium at 5.2u; there 
follows a sharp maximum at 6.2u with a precipitious minimum at 7.1p. The 
absorption then falls off, and the material becomes increasingly transparent 
toward longer waves with slight fluctuations in percentage of transmission. 
The radiometric power (curve c) yields a trace which is a fine counterpart of 
the reflection and absorption curves; at 3.44 and 5.2u there are maxima, fol- 
lowed by a minimum at 6.24 and a strong maximum at 7.1u. Beyond this 
wave-length there is a sharp decrease. It will be noted here that there are re- 
corded negative percentages, which correspond to a radiometer throw in the 
negative direction. Their significance is that at the wave-lengths where these 
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negative throws occur, the NH,Cl is so transparent that the radiation pene- 
trates to the back of the vane, which is in this case charred paper. This ma- 
terial is sufficiently black to create, upon heating, a “back radiometric” 
effect; and in these regions it is from this side of the vane that the radiometric 
action takes place; so that in this way a complete reversal of the direction of 
deflection may occur. Quite obviously this difficulty can be readily avoided by 
depositing a sufficiently heavy film of salt, or by employing some transparent 
material for the back of the vane. 

Fig. 3, curve b, illustrates the reflection spectrum of quartz. It possesses a 
strong double maximum at 8.5 and 9u as reported by previous investiga- 
tors'®.° Curve a of the same diagram represents the transmission spectrum of 
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Fig. 3. Quartz (a, c powder; b, plate); a, transmission; b, reflection; c, radiometer. 


the powdered crystal. There are maxima at 6.7 and 7.54 and a minimum at 
6.9u; following the strong maximum at 7.5u there is a region of opacity from 
8.3u to 10.4u. Curve c is the radiometric curve. It shows small maxima at 6.2 
and 6.9, rising to a high peak at about 9.54, where it is nearly twice as effec- 
tive as soot; following, the radiometric power subsides with increasing wave- 
length to an efficiency of about 100 percent at 10.8y. 


DISCUSSION 
In all cases studied, it is to be noted that a strong radiometric effect is 
found both in the regions of selective absorption and selective reflection. In 
the case of calcite at 6.64 where the reflection is over 70 percent and the trans- 
mission is about 25 percent, the radiometric effect is close to 100 percent. 


Again for NH,Cl, at 7.1 the reflection is 45 percent, the transmission is 15 
percent and the radiometric effect’is 35 percent. (It is to be noted here that 
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this is one of the few instances where the wave-lengths of the absorption and 
reflection bands have been reported to be identical. This question will be dis- 
cussed later in connection with similar results obtained in connection with a 
study, by one of the writers,’ of the 6.74 band of calcite). In the case of 
quartz, we have a reflecting power of about 90—95 percent around 9, with 
a low transmission of only 10 percent. The radiometric power, despite the 
extremely high reflecting power, is better than that of soot. This may partly 
be due to the poor absorption of soot. Inasmuch as the greater portion of the 
radiometric effect is due to the heating in the superficial surface layer, the 
powdered salts are remarkably well adapted for use as radiometer coatings; 
since their absorption coefficients are high, most of the absorption will take 
place near the surface, which is advantageous for the production of a large 
radiometer effect. This means then, that in the study of the strong absorp- 
tion or reflection bands of a particular solid, that the receiving device should 
be coated with the same material, when possible. 
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Fig. 4. a, Radiometric curve, fused quartz flake; b, Reflection spectrum, fused quartz plate. 


Since the radiometric effect requires the phenomenon of absorption, these 
thin powders cannot reflect directly in their regions of selective reflection, for 
the possibility of such high reflection does not hold with the observed high 
radiometric power. This is illustrated in Fig. 4, curve a, which represents the 
energy curve for a vane made of a quartz film several uw thick. A strong mini- 
mum is perceived in the region of high reflection, (curve b). Since scattering 
is, for the same reason, not possible to any great extent, unless it leads to 
multiple reflections among the discreet particles within the powder, with ulti- 
mate absorption due to trapping, one is lead to the conclusion that the parti- 
cles are too small to behave as reflectors, and absorb directly. 

The particles are very fine: the quartz and calcite particles measure be- 
tween 2.0—3.0u and the ammonium chloride particles are considerably smal- 
ler, appearing reddish in transmitted light. This minuteness of particle and 
film seem to preclude possibility of trapping, and it appears that the logical 
explanation lies in a true absorption. This thesis has some support in a prob- 


§ S. Silverman, in print. 
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lem in the far infrared spectra of the carbonates which has been discussed 
briefly by Wood.’ He arrives at the conclusion that particles, when too 
small to behave as resonators for reststrahlen, are unable to reflect, but ab- 
sorb these radiations. It is quite likely that herein lies the explanation of the 
intense absorbing power of metallic substances such as bismuth black. 


UsE OF THE RADIOMETER AS A FILTERING DEVICE 


From an entirely different view-point, these results introduce interesting 
possibilities. In the ever important question of filters, it has always been de- 
sired to find a material which is transparent to the region to be studied and 
which is opaque to the shorter waves that lead to the contamination of higher 
orders in grating spectrometers. One of the writers has recently described one 
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Fig. 5. Energy curves. a, Quartz coated vane: b, Quartz coated vane; radiation reflected from 
quartz mirror: c, Quartz coated vane with quartz mirror and MgO filter. 


method by which this goal may be approached by using such powders as 
zinc oxide and magnesium oxide.'® The reverse problem is much simpler: it 
is relatively easy to find a material which is opaque to a given region and 
which is transparent to shorter waves. A radiometer coated with a substance 
which fulfills these conditions should show a small sensitivity to the waves to 
which its coating is transparent, and a relatively large sensitivity to those 
radiations to which its coating is opaque. There is a possibility that such a 
filter might be very useful in the far infrared, where this difficulty has been 
very pronounced. For example, a vane covered with a thin film of one of the 
alkali-halides should be quite opaque to radiations longer than about 30u, and 
shorter waves, due to the transparency of these halides in this region, should 
have a relatively small radiometric effect. Such a vane used with a transmis- 
sion filter of quartz to deaden the enormously powerful region of 1.54 might 


® R. W. Wood, Physical Optics, p. 632 (Macmillan). 
10 A. H. Pfund, Phys. Rev. 36, 71 (1930). 
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offer interesting possibilities in the long-wave region beyond 50u where 
quartz again becomes transparent. Furthermore, by proper combinations, one 
could obtain a group of powders opaque to almost any given region. It is 
planned to attempt such an experiment in this laboratory in the near future. 
A preliminary attempt to construct a filter for the 9u region is shown in Fig. 5. 
By a succession of combinations of a quartz-coated vane, a quartz mirror, and 
a film of magnesium oxide, a filter is produced which is opaque to radiations 
shorter than 8u, and which is fairly transparent out to 9.5. 


CONCLUSION 


These investigations show that finely divided powders act as absorbers in 
the region of metallic reflection, and do not reflect. In a subsequent paper this 
is brought out to indicate that the coincidence of reflection maxima and trans- 
mission minima in calcite represents a true agreement between absorpton 
and reflection lines. This offers an extremely simple method of studying ab- 
sorption spectra in regions of high reflection without having to allow for the 
loss of energy by reflection. The advantages of the radiometer over the ther- 
mocouple for this work are manifold. In addition to its superiority in speed 
and durability—a single suspension lasted throughout the entire experiment 
despite the many changes in vanes—it offers possibilities in filtering out radia- 
tions of lower wave-lengths. A preliminary combination has produced a 
radiometer vane and filter which is quite good for the region of 8u to 9.5u The 
general usefulness of such a filter is limited only by its transparency to 
shorter waves, and by the width and depth of its region of opacity. Since it 
has been shown that these finely divided materials become intensely black 
within the region of selective reflection and absorption, it is proposed to 
study the temperature emission of thin layers of such substances. It is an- 
ticipated that intense selective emission will occur within the region of great 
absorption. 

The authors gratefully acknowledge a Grant-in-Aid of the National Re- 
search Council which has helped make this investigation possible. 
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ABSTRACT 

The reflection and absorption bands of calcite at 6.6 -7.4u have been studied with 
an echelette grating spectrometer of high resolving power, employing the resonance ra- 
diometer. A great deal of hitherto unobserved fine structure has been detected. It is to 
be noted: (1) that the maxima of the envelopes of the absorption and reflection bands 
differ widely in wave-length, as has been previously reported in the literature; (2) that 
within the bands, there is good agreement as to wave-length between the absorption 
and reflection lines. Possible explanations of this fine structure are offered, including 
that of combinations of reststrahlen and near infrared frequencies. 


HE infrared absorption and reflection spectra of the carbonates have 
been studied over a long period of years. They are fairly easy to obtain in 
suitable form and are to be found in several interesting crystalline types. It 
was felt, after a previous paper' on the fine structure of quartz, that it would 
prove of value to study calcite more carefully, in view of its importance in 
optics, which is perhaps second only to quartz, among the uniaxial group. 
The spectra of the carbonates, especially those of the uniaxial group such 


as calcite, have been found to be rather simple; and considerable work has 
been done in the exploration of their structure. Thus far there has been very 
good agreement between theory and experiment in depicting the form of the 
CO;-~ ion. X-ray evidence points to a plane structure for the CO; group, in 
which the oxygen-centers form the vertices of an equilateral triangle with the 
carbon situated at the centroid. Theoretical reasoning by Kornfeld,’ Brester,* 
and others‘ predicts for such a model three active vibrations. The first of 
these lies at 7u, and is due to a motion of the carbon in the plane of the group, 
either along or perpendicular to one of the medians; the relative positions of 
the oxygens remain fixed, or nearly so. The second vibration is to be found at 
11u, and is due to a vibrating membrane type of motion of the carbon per- 
pendicular to the plane of the group. The third active vibration to be ex- 
pected is at 15u; it is due to a motion of an oxygen along a meridian, with an 
accompanying distortion of the remaining oxygen members. These predic- 
tions are well borne out, for in fact, in the near infrared there are three general 
regions of absorption and reflection: at 7u, 11m and 15u. Moreover, the 7u and 
15u bands are actually due solely to the ordinary ray, and the 11 band is 
found only in the spectrum of the extraordinary ray. 

1 Hardy and Silverman, Phys. Rev. 37, 176 (1931). 

* Kornfeld, Zeits. f. Physik 26, 205 (1924). 

8 Brester, Zeits. f. Physik 24, 324 (1924). 

* A full discussion, with complete references, is to be found in Schaefer and Matossi, “Das 


Ultrarote Spektrum,” (Springer 1930) and in Rawlins and Taylor “Infrared Analysis of Mole- 
cular Structure”’ (Cambridge Univ. Press 1928). 
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Of these absorption bands, that at 7u is very broad and deep, and it has 
defied complete resolution. The 11m band is rather weak, and that at 15y is 
sharper but not as strong as the band at 7y. The reflection band at 7y is sharp 
and narrow compared to the absorption at this wave-length; that at 11 is 
much weaker than its predecessor, and the last band at 15y is quite faint in 
comparison. 

There are two outstanding features concerning the relationship between 
the absorption and reflection spectra. The first is the relative ease with which 
resolution of the reflection spectrum is obtained as compared to the absorp- 
tion spectrum; the second is that the wave-lengths of the 7u and 15y reflec- 
tion bands are shorter than the corresponding absorption wave-lengths, whilst 
the reflection at 11 lies to the long wave side of the absorption band. 

Now, a recent investigation of the reflection spectrum of quartz,! in which 
an unsuspected amount of fine structure was revealed, caused some doubt 
as to the simplicity of the reflection spectra of solids in this region. It was felt 
that this question and the question of disparity of wave-length between ab- 
sorption and reflection ought to be reinvestigated with an instrument of high 
sensitivity and resolving power. The 74 band was chosen for the first study 
because of its great strength, and because it is generally assumed to be the 
first eigenfrequency of the CO; group. 

For this exploration, the spectrometer and resonance radiometer used by 
J. D. Hardy! and the author earlier this year in a similar investigation of 
quartz, proved to be adequate. The set-up was very much the same as that 
described in this paper. The same grating was employed with a different 
mounting so that its “blaze,” or concentration of maximum energy, was cast 
into the region to be studied. Improvements in the resonance radiometer it- 
self were made so that the sensitivity was doubled, and a mechanical adjust- 
ment of the grids was provided to compensate zero-drifts caused by rising 
temperatures in the room. 

Magnesium oxide was found to be quite a good filter to eliminate the 
higher orders of radiations of shorter wave-lengths, when prepared under the 
proper conditions. As reported by Pfund,® this oxide is an excellent filter for 
wave-lengths of 6u and longer. It was found that one could fume the powder 
at varying particle sizes simply by burning the metal at different distances 
from the mirror which was being coated; since the particle size is a function 
of the time of growth, which varies directly with the distance through which 
the particle rises. After a little experimentation, a filter was prepared (by the 
method of trial and error) which permitted only 10 percent contamination at 
6.5u. This filter was then mounted and made a permanent part of the appara- 
tus. 

The calibration of the instrument was made by observing the higher orders 
of the 5461 and the 5790 lines of the mercury arc. This calibration was then 
compared to the wave-lengths of prominent atmospheric absorption lines.’ 


5 J. D. Hardy, Rev. Sci. Inst. 1, 429 (1930). 
6 A. H. Pfund, Phys. Rev. 36, 71 (1930). 
7 Plyler and Sleator, Phys. Rev. 37, 1493 (1931). 
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The two methods checked very well, the average discrepancy being less than 
10A. The slits were 0.10 mm wide, which gave an effective slit-width of 20A. 

For the reflection spectrum, a large calcite crystal was cut and polished to 
produce a mirror-surface of 5X5 cm. The final polish was as good as plate 
glass, and the sheet produced an image completely free of distortion; this 
latter is an item of considerable importance, as it is necessary to be able to 
reproduce the image of the filament identically. The absorption spectrum was 
taken in the following manner. A piece of calcite was rubbed down against a 
wet piece of ground glass. The fine milky powder which resulted upon drying 
was collected and dispersed with water to the proper degree of pastiness. This 
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Fig. 1. A, Transmission of powdered calcite; B, Reflection from cleavage plane of calcite. 


was then painted with a soft brush on a polished slab of rock-salt. Upon 
drying, the powder formed a thin, uniform white crust which appeared a 
golden brown against a bright background. In light of the previous paper, the 
transmission spectrum should yield, for such a powder, true absorption lines, 
as there is no contamination by reflection from these particles, which are small 
compared with the wave-length of light. The “cell” was so mounted that it 
could be removed from the path of the incident radiation without disturbing 
the calcite-coated surface. This film was thin enough to be some 14 percent 
transparent in the region of maximum absorption (a solid sheet 0.03—0.04 
mm thick is about 2-3 percent transparent at this point). Because of the very 
strong and irregular atmospheric absorption in this region, it was necessary 
to take all readings with cell in and cell out in immediate succession. In the 
case of reflection, the calcite mirror was replaced by its gold counterpart for 
each new setting of the grating. 
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RESULTS 


The spectra are plotted in Fig. 1. The envelopes of the absorption and 
reflection curves are seen to be quite dissimilar, with the minimum of trans- 
mission lying to the longer wave-length side of the reflection maximum, in 
complete accord with the literature.‘ It is further seen that there is remark- 
ably good correspondence between the wave-lengths of the absorption and 
reflection lines; as is shown in Table I. 


TABLE I. 
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.366 1357. 
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It will be noted that a similar correspondence in wave-lengths of absorp- 
tion and reflection lines is to be found in the case of ammonium chloride, 
although the agreement is not as striking as that presented here. 


DISCUSSION 


A brief summary of the literature calls for a region of absorption and 
reflection at 7u, Schaefer,‘ in a rather comprehensive treatment of the subject 
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concludes that there is a double absorption band at 7.144 and 7.40u respec- 
tively, corresponding to the double reflection maxima found at 6.684 and 
6.98u. Recent results of Plyler’ confirm the position and apparent doubling of 
the reflection band. In this present paper, it will be noticed that the en- 
velopes of both the absorption and reflection bands agree admirably with the 
results of Plyler and Schaefer. In addition, however, a maze of fine structure, 
both in the absorption and reflection spectrum appears, which entirely es- 
caped detection of less sensitive instruments. It is also to be remarked that 
there is actual identity in wave-length between many reflection and absorp- 
tion lines, although the intensities are such as to preserve the general contours 
of the earlier bands. In light of the previous paper (A.H.P. and S.S.)° this 
indicates true coincidence of reflection and absorption; this means then, that 
it is possible to study the frequencies of crystals by either method. The the- 
oretical side of this problem offers interesting ground, and it is hoped that such 
calculations will throw light upon this question. 

There are two alternatives in explaining this fine structure, which in com- 
plexity rivals that of a gas. First, one might assume that there are crystal ir- 
regularities which greatly multiply the number of possible vibrations without 
disturbing the macroscopic symmetry of the crystal. Such an explanation has 
been previously offered to account for the “doubling” of this band. Secondly, 
one might assume that this fine structure is caused by a combination of far 
infrared frequencies with frequencies in the near infrared, similar to the com- 
bination of vibration and rotation frequencies in gaseous spectra. In support 
of this last assumption, it was noticed that there are 29 strong lines, or centers 
of absorption, in the band. Now, if we investigate the sequence of lines 1-16, 
2-17, 3-18, - - - , 14-29, we find that these transitions are all very close to 
107 wave-numbers, with an average of 107.57. This agrees fairly well with the 
frequency of the far infrared reststrahlen of calcite which is at 106 wave- 
numbers. There are also other possible combinations to be located. For exam- 
ple, the set of lines 1-9, 9-15, 15-23, 23-29 are separated by approximately 
50 wave-numbers. This explanation is so far only tentative, for these sets are 
merely the best in agreement out of several possibilities; in addition, it ap- 
pears evident that complete resolution has not yet been reached. This has 
been acknowledged in the grouping of these lines in which two or three weak 
lines clustering a strong line have been merged as one frequency. However, in 
spite of this arbitrariness, the coincidence of these recurring frequencies is so 
striking that it is not possible entirely to neglect it. As a check, it is planned 
to pursue a similar investigation of the harmonics of this band, as well as the 
corresponding bands of the other carbonates of similar crystallographic struc- 
ture. 

The author wishes to acknowledge a Grant-in-Aid of the National Re- 
search Council which has materially aided this work. He also wishes to express 
his thanks to Professors Pfund and Herzfeld of this laboratory, with whom he 
has discussed this experiment in detail. 

8 E. K. Plyler, Phys. Rev. 33, 948 (1929), 

9 A, H. Pfund and S., Silverman, Phys. Rev. 39, 64 (1932). 
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By E. K. PLYLER 
UNIVERSITY OF NORTH CAROLINA 


(Received November 6, 1931) 


ABSTRACT 


Further experimental work has been done on the near infrared absorption of 
water vapor in the regions of 1.40u and 1.90u. Forty-five lines have been listed for the 
region of 1.40u. There is some difficulty in interpreting this band as to zero branch or 
double type. By using somewhat higher resolution the 1.874 band has been shown to 
consist of more lines than previously observed. The region of 1.874 has the appearance 
of a double type band when a small amount of water vapor was used. Calculations 
have been made as to the form of the water vapor molecule on the assumption that 
this is the third fundamental band of water vapor. Also, the intensities of the bands 
have been calculated and these are found to be in good agreement with the experiment 
values. A new classification has been made of the combination bands. 


HE present work gives the results of the absorption of water vapor in the 

region of 1.40u and 1.904 and then a correlation is made with the other 
bands. The near infrared region has been studied by many observers! and 
each successive work has shown that with higher resolution more lines ap- 
peared. Plyler and Sleator? have recently made a study of the absorption 
bands of water vapor in the regions of 1.87u, 2.67u, 3.16u, and 6.26, and this 
work was undertaken to make a study of the fainter bands with high resolu- 
tion. It was found that the resolution in the band at 1.87y could be increased 
and this region was measured again. 

The apparatus was the same as that used by Plyler and Sleater® and will 
not be described here. A grating of 15,000 lines was employed in the region of 
1.40u and 1.90u. The absorbing path was about 6 meters long and the pres- 
sure of the water vapor in the air was 2 cm for the absorption bands shown in 
Fig. 1 and 2, and 1.5 cm for absorption band represented in Fig. 3. The slits 
were 0.20 mm in width and the wave-length interval included in this slit 
width has been given in Table I as a function of the resolving power of the 
instrument. 


TABLE I. Resolving power of instrument. 


Slit width 
cm7 


1.6 


Region Slit width 
A 


1 E. von Bohr, Phil. Mag. 28, 71 (1914); G. Hettner, Ann. d. Physik 55, 476 (1918); W. W. 
Sleator and E. R. Phelps, Astrophys. J. 62, 28 (1925); E. R. McAlister and H. J. Unger, Phys. 
Rev. 37, 1012 (1931). 

2 E. K. Plyler and W. W. Sleator, Phys. Rev. 37, 1493 (1931). 
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In Fig. 1 a graph has been plotted to show the experimental results for 
the region of 1.40u. The galvanometer deflections in mm have been plotted as 
the ordinate and the angle of the grating has been plotted as the abscissa. A 
large number of lines were found for this region. 


TABLE II. Region of 1.40y. Intensity, wave-number and wave-length of lines. 


Line No. Wave- Wave Rel. Int. || Line No. Wave- Wave Rel. Int. 
length number length number 
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45 
55 
30 
15 
12 
40 
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40 
40 
45 
15 
50 
30 
40 
30 
30 
25 
10 
15 
15 


5 ! 24 
10 25 13783 
10 26 13803 
10 27 13824 
5 28 13833 
8 29 13846 
18 30 13853 
20 31 13868 
8 32 13901 7194. 
10 33 13920 7184. 
15 34 13950 7168 .: 
10 35 13959 7164. 
50 36 13968 7159. 
30 37 14001 7142.: 
40 38 14008 7138. 
10 39 14053 7120. 
25 40 14069 7108. 
30 41 14093 7095 
8 42 14142 7071 
20 43 14171 7056. 
25 44 14189 7047. 
10 45 14233 7025. 
10 


13461 7428. 
13474 7421. 
13484 7416. 
13499 7407. 
13519 7396. 
13526 7393. 
13545 7383. 
13554 7378. 
13572 7368. 
13583 7362. 
13590 7358. 
13603 7351 
13619 7342. 
13643 7330. 
13649 7326. 
13664 7318 
13673 7313. 
13682 7309. 
13693 7302. 
13704 7297. 
13717 7290. 
13743 7276. 
13754 7270. 
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In Table II the line number, intensity, wave number and wave-length for 
45 of the more intense lines are listed. The values given in this table were ob- 
tained by taking the average values from two different curves. It was found 
that the wave-lengths of the two curves never varied over 2A for any line. 
This band has a region of about 40 waves per cm which has very little ab- 
sorption. This is the spacing between the strong lines of the 6.26u band and 
would indicate that this band is of the double type with its center at 13750A. 
This band is the first harmonic of the zero branch type band at 2.67 and it 
would be expected to be also of the zero type. However, a change in the type 
of band from fundamental to harmonic has been observed in certain cases. If 
this band is of the zero branch type its center is probably located at 13840A. 

The region of 1.904 has been studied and the results obtained are given 
in Fig. 2 and Table III. The resolution used is somewhat greater than in the 
work of Plyler and Sleator? and has made it possible to separate some lines 
which formerly appeared as one. The curve given in this paper shows the 
lines as sharper and the intensities are probably more accurately repre- 
sented. There are listed 68 of the more intense lines in Table III. Many of the 
wave-lengths check closely with the values found in the previous study, but 
in the first 25 lines the wave-lengths given in this paper are about 6A greater. 
It is believed that the values given here are more reliable than those in the 
previous paper and should replace them. 
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Fig. 1. Energy curve for the region of 1.40. Slit width 3A. 
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Fig. 2. Energy curve for region of 1.90u. Slit width 3.5A. 
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TABLE IIT. Region of 1.90u. Intensity, wave number and wave-length of lines. 


Line No. Wave- Wave Rel. Int. Line No. Wave- Wave Rel. Int. 


length number length number 


1800060 
18023 
18060 
18104 
18126 
18152 
18180 
18203 
18220 
1820601 
18285 
18302 
18310 
18325 
18345 
18362 
18375 
18399 
18418 
18469 
18480 
18502 
18530 
18537 
18564 
18597 
18604 
18629 
18641 
186079 
18695 
18708 
18727 
18735 


35 18750 
36 18770 
37 18812 
38 18838 
39 18853 
40 18806 
41 18900 
42 18920 
43 18935 
44 18964 
45 18977 
46 18993 
47 19004 
48 19028 
49 19052 
50 19064 
51 19087 
52 19102 
53 19112 
54 19132 
55 19142 
56 19160 
57 19196 
58 19205 
59 19238 
60 19267 
61 19283 
62 19302 
63 19338 
64 19362 

19380 

19392 
67 19413 

19448 
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Fig. 3. Energy curve for region of 1.88 with less water vapor present. Slit width 3.5A. 


The part of this band at 1.8865u appeared to have very few strong lines 
and it was studied again with less water vapor (1.5 cm pressure). It was found 
that the region then appeared more definitely as a separate band. The spacing 
between the two strong lines, numbers 36 and 41, is 37 waves per cm, which 
is of the order of that for the 6.26u and 3.16 bands, the spacing for the for- 
mer band being 40 waves per cm and the latter 45 waves per cm. Lines num- 
ber 41, 42, 43 on the longer wave-length side and numbers 34, 35 and 36 on 
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the shorter wave-length side have very much the same appearance as the 
first three lines on each side of the center as found in the 6.26u band. This 
region is overlapped by the combination band »,+ 72 and it is not possible to 
make a very complete correlation of lines, but the longer wave-length side 
has its stronger lines a considerable number of waves per cm from the center, 
as in the 6.26u band. If this is a separate band overlapping the combination 
band at 1.87y, it is probably the third fundamental band of water vapor. So 
far only the bands in the regions of 2.674 and 6.26u have been classified as 
fundamental bands. 

By using the values of 5309, 1597, 3742 waves per cm as the fundamental 
frequencies of water vapor, the angle that the oxygen atom makes with the 
hydrogen atoms has been calculated by the use of the equation derived by 
Dennison.’ The value obtained is 115° or the half angle, a=57.5°. Also, the 
intensities have been calculated and found to be of the right order of magni- 
tude. In Table IV are given the calculated and experimental intensities. The 
intensity of the 6.26u band is set equal to 100 in the two cases by choosing the 
proper constants. It is difficult to determine the true intensity of a band and 
the experimental values should be considered as approximate. 


TABLE IV. Intensity of bands. 


Band Frequency in waves percm Observed intensity Calculated intensity 
"1 3742 75 78.4 
V2 1597 100 100 
V3 5309 10 6.7 


Also, if we consider 5309 waves per cm as the third fundamental of water 
vapor a complete classification of the near infrared bands of water vapor can 
be made. The theoretical frequency of the bands cannot be calculated for 
there is not known the correct frequency of a sufficient number of combina- 
tion bands to determine the correction terms. However, the calculated fre- 
quency has been given in Table V without the correction terms to show that 
the assigned combinations are of the right order of magnitude. 


TABLE V. Combination bands. Calculated and observed values. 


Calculated 


Combination Experimental 
term frequency frequency 

"1 3742 3742 
V2 1597 1597 
V3 5309 5309 
Lal +p, 5343 5339 
mits 8848 9095 
votvs 6896 6906 

2” 7224 7448 

2r2 3156 3194 
Vv t+retvs 10638 10648 


2v3 10618 





§’ D. M. Dennison, Phil. Mag. 1, 195 (1926). 
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The combination bands are given different designations from those given 
by Hettner.‘ The frequencies obtained by the present arrangement do not 
check better than those in Hettner’s arrangement, but it is believed that the 
intensities of the observed bands may be more in accord with the probable 
intensities in the present combinations. 

The experimental work of this paper was done in the Physical Laboratory 
of the University of Michigan and the writer wishes to express his apprecia- 
tion to Professors Meyer and Barker for the use of their equipment. 


‘G, Hettner, Zeits. f. Physik 1, 345 (1920). 
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THE NEAR INFRARED ABSORPTION SPECTRUM OF METHANE 


By J. G. Moorneap* 
NORTHWESTERN UNIVERSITY, EVANSTON, ILL. 
(Received November 12, 1931) 
ABSTRACT 


The infrared absorption spectrum of methane between 1.44 and 2.64 was ob- 
tained with an infrared spectrometer having a grating of 5000 lines to the inch. Strong 
bands were found in the 1.6u and 2.3 regions. The fine structure of the 2.34 band was 
resolved in the first order spectrum. The fine structure of the 1.64 band was resolved 
in the second order but not in the first order spectrum. Only at the 2.20u and the 1.664 
bands could the fine structure be measured. The 2.204 band has spacing of 10.7 cm™, 
giving for the value of the moment of inertia 5.17 X 10~*° c.g.s. units. The correspond- 
ing values for the 1.664 band are 10.4 cm™ and 5.32 X10~** c.g.s. units. These results 
are quite close to the values of 9.77 cm and 5.66 X10~*® c.g.s. units found for the 
3.314 band by Cooley. 


INTRODUCTION 


C' JOLEY' has investigated the infrared absorption spectrum of methane. 
He resolved the rotational fine structure of the 3.34 and the 7.7u bands, 
but did not resolve the strong bands found in the 2.3u region. Ellis? investi- 
gated the vibration bands of methane from 1y to 3u with apparatus of low 
dispersion. Easley, Fenner and Spence* found many bands between 1p and 
3u in the spectra of the halogen derivatives of methane and ethane in the 
liquid form. It was thought worthwhile to investigate the absorption spec- 
trum of methane in vapor form in the region from 1 to 3u with apparatus of 
high dispersion. 

For a long time the model of the methane molecule almost universally 
accepted! was a regular tetrahedron with the carbon atom at the center and 
the four hydrogen atoms at the corners. More recently evidence has been 
brought forward in favor of a model in which the carbon atom forms the apex, 
and the four hydrogen atoms the base of a regular pyramid.® The fine struc- 
ture of the bands measured by Cooley! at 3.3u, 3.54, and 7.74 have different 
spacings. On the quantum theory, this indicates different moments of inertia 
about different axes. The conflicting evidence for and against a symmetrical 
model has attracted much attention to the structure of the methane molecule. 
Several solutions have been given in an attempt to describe its vibrational 
and rotational motions.® 


* At present teaching, at Westminster College, New Wilmington, Pennsylvania. 

‘ Cooley, Astrophys. J. 62, 73 (1925). 

2 Ellis, Proc. Nat. Acad. Sci. 13, 202 (1927). 

3 Easley, Fenner and Spence, Astrophys. J. 67, 3 (1928). 

4 Glockler, J.A.C.S. 48, 2021 (1926). This summarizes the evidence in favor of the tetra- 
hedral type of molecule. 

5 Henri, Chem. Rev. 4, 189 (1927). 

6 Dennison, Astrophys. J. 62, 84 (1925); Guillemin, Ann. d. Physik 81, 176 (1926); Ruark 
and Urey, Atoms, Molecules and Quanta, p. 435 (1930). 
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APPARATUS AND EXPERIMENTAL PROCEDURE 


Radiation from the Nernst glower, passed through a Pyrex glass absorp- 
tion cell 30 cm long, and was focused on the slit of an infrared grating spec- 
trometer. The maximum slit width throughout the experiment was 0.025 cm. 
The grating of the spectrometer had a surface 16 cm long and 13 cm high 
ruled with 5000 lines per inch. The intensity of radiation of any particular 
wave-length was determined by a radiometer.’ The slit width of 0.025 cm 
corresponded to wave-length interval of 12A. The smallest division on the 
dial of the spectrometer corresponded to approximately 10 angstroms. 


TABLE I. Methane 1.66u band region, second order. 


Quantum Spectrometer Wave-length Frequency Frequency 
number setting m em! difference 
. 1 
cm 


— 
— 


.6292 6137. 
.6317 6128. 
.6342 6119. 
.6362 6111. 
.6388 6102. 
.6414 6092. 
.6441 6082. 
.6470 6071. 
.6498 6061. 
.6519 6053. 
.6550 6042. 
.6582 6030. 
.6611 6020. 
.6645 6007. 
.6692 5990. 
.6729 5977. 
.6760 5966. 
.6790 5956. 
.6822 5944. 
.6856 5932. 
6886 5921. 
.6927 5907. 
.6960 5896. 
.6991 5885. 
.7013 5877. 


35.985 
36.04 
10 
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The methane gas was generated by dropping water on magnesium car- 
bide. The gas was then dried by passing it through a calcium chloride drying 
tube. Comparison was made with the water vapor bands described by Slea- 
tor and Phelps,* and with the bands of acetylene, ethylene, and ethane de- 
scribed by Levin and Meyer.*® The bands found did not correspond to any of 
the gases named. Comparison of the bands with the results of Cooley! and 
Ellis? show conclusively that the bands described are all due to methane. 

Readings in the important band regions were taken at intervals of about 
10 angstroms. Readings were repeated over and over so that bands found are 
authentic beyond question. Most of the points of minimum transmission 
were read correctly to 5 angstroms or less. 

7 Spence, J.0.S.A. 6, 625 (1922). 

* Sleator and Phelps, Astrophys. J. 62, 28 (1925). 

* Levin and Meyer, J.O.S.A, 16, 137 (1928). 
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Methane bands were found in the three regions, 1.6u, 2.34, and 3.3u. The 
first two are of the first order spectrum, the third is a second order spectrum 
of the 1.6u region. This conclusion was reached by the following reasoning: 
Pyrex glass transmits very effectively to 2.5u,!° but the thickness used, 7 mm, 
would render it practically opaque to the radiation beyond that point. The 
radiation from the Nernst glower is very intense from 1.2u to 2.5u with a deep 


TABLE II. Methane 2.2u band region. 





Quantum Spectrometer Wave-length Frequency Frequency 





number setting cm"! difference 
cm"! 
7 23.63 2.1600 4629.6 
6 .70 2.1663 4616.1 13.5 
5 .767 2.1728 4602.3 13.8 
4 .83 2.1780 4591.3 11.0 
3 .88 2.1825 4581.0 10.3 
2 .95 2.1888 4568.6 12.4 
0 (vo+v5) 24.07 2.1993 4547.0 21.6 
—2 .19 2.2100 4524.9 22.1 
—3 25 2.2153 4514.0 10.1 
—4 .30 2.2200 4504.5 9.5 
—5 .365 2.2258 4492.8 11.7 
—6 .42 2.2306 4483.1 9.7 
—7 48 2.2360 4472.3 10.8 
—8 $3 2.2405 4463.3 9.0 
—9 .59 2.2460 4452.4 10.9 
(vy++95*) 755 2.2608 4423. 
.83 2.2678 4409, 
.91 2.2750 4396. | 
.99 2.2820 4382. 1 
25.06 2.2883 4370. | 
gf 2.2928 4361. 
BY 2.2981 4351. 
21 2.3018 4344, | 
(vgtys3) .37 2.3162 4317. 
YY 2.3342 4284. 
.64 2.3407 4272. 
.71 2.3470 4261. | 
ye 2.3505 4254. 
Vy .97 2.3704 4219. 
26.11 2.3829 4197. 
.14 2.3857 4192. 
.18 2.3892 4185. ! 
.23 2.3935 4178. | 
.28 2.3980 4170. 
.33 2.4025 4162. | 
.38 2.4068 4155. | 
.48 2.4158 4139. 
(v2 +24) .57 2.4238 4126. ! 
.70 2.4355 4106. ! 
.78 2.4428 4094. | 
? 


83 .4472 4086. 


minimum at 3u to 4.5u."! The second order of the 1.6u region contains consid- 
erable energy, and lies in a region where the first order is cut off by the Pyrex 
glass. The bands of methane at 1.6 and 2.3u agree closely with those meas- 
ured by Cooley and Ellis. The band at the 3.3u region does not correspond 


10 Coblentz, Emerson and Long, U. S. Bur. Std. Bull. 14, 653 (1918). 
" Coblentz, U. S. Bur. Std. Bull. 4, 533 (1908). 
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with those measured by Cooley, but has twice the wave-length of the band 
in the 1.6u region. Similar consideration of the bands in the other compounds 
investigated make it certain that the bands at 3.3u region are of the second 
order. 


RESULTS 


Two groups of bands were found in the near infrared spectrum of meth- 
ane, one in the region of 1.6u, the other in the region of 2.3u. The wave- 
lengths of the individual lines are shown in Tables I and II. The wave- 


TABLE III. Methane band centers. 


Moorhead Cooley Ellis 
Designation Spectrometer Wave-length Frequency Wave-length Wave-length 
setting m cm"! m m 

3v3 . 15 

vgt2y3 1.37 

2v3 .6645 6008. .66 
.7055 5863. 
. 7265 5785. 


_— 


ta 
.80 
.20 
.26 
.32 


.1993 4547. 2.2008 

. 2608 4423. 

.3162 4317. .3178 

.3470 4261. 

vy) .3704 4219. 2.3714 
.3935 4178. 

vet2v, .4238 4126. .4262 

V3 3.3185 


% .87 


vot; 
vat +s 


vets 


mh ee 


bh 


37 


bo DS DO DQ be be DO 


to 


42 


lengths of the band centers are given in Table III, along with the wave- 
lengths as measured by Cooley! and Ellis.? In the latter table are also shown 
the classification given by Dennison® of the bands measured by Cooley and 
the classification made by Ellis of the bands which he had measured. The 
symbols indicate whether the bands are fundamental frequencies, harmonics 
of the fundamental frequencies, or some combination of the fundamentals or 
harmonics. : 

The 2.3 region is shown in Fig. 1A to consist of a number of overlapping 
vibration-rotation bands. The four stronger ones are the bands observed by 
Cooley and Ellis. There appear to be three weaker ones, one of which was 
observed by Ellis. The 2.2u band is the only one sufficiently separated from 
the neighboring bands to exhibit unconfused fine structure. The symmetry 
of the P and R branches is destroyed by the general increase of absorption 
with increase of wave-length. The Q branch is deep and sharp. It does not 
appear to spread out more to one side than to the other which indicates ab- 
sence of perturbation between the rotation and vibration giving rise to the 
band. Perturbation, if present, would cause convergence of the P and R 
branches; that is, it would cause the frequency difference of the lines to be- 
come smaller in the direction of decreasing wave-length. Not enough lines 
are available for measurement to apply this test of convergence to this band. 
Quantum numbers are assigned to the lines from m=5 to m= —9, the num- 
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ber m referring to the initial state giving rise to the line. The average value 
of Av for these lines has the value Av = 10.7 cm~!. The moment of inertia com- 
puted from the equation J=h/47*Av gives J=5.17 X10~* c.g.s. units. 

At the 2.316 band and the 2.370u band, the Q branches are very sharp on 
the short wave side but shade off in the direction of increasing wave-length. 
This is very definite evidence of perturbation between the vibration and rota- 
tion to which the bands are due. All these bands overlap with so much con- 
fusion that it is impossible to assign quantum numbers to the lines or to de- 
termine the average frequency difference. 

A number of bands were found in the first order spectrum of the 1.6u re- 
gion. The band at 1.665 is strong and sharp, as can be seen in Fig. 1B. The 
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_ Fig. 1. Methane bands. 


other bands of the first order are not very intense, but repeated observations 
proved them to be genuine. The fine structure was not resolved in the first 
order spectrum. In Fig. 1C is shown the second order spectrum of the 1.6654 
band. The Q branch is very steep on the shorter wave-length side, but shades 
off on the long wave-length side, overlapping and concealing the first rota- 
tion band. This overlapping indicates perturbation. The irregularity in the 
shape of the band is due to the overlapping of other methane bands and of 
water vapor bands. The lines are in the main evenly spaced. The average 
frequency difference gives a value of Avy=10.4 cm~!. The moment of inertia 
computed from this, by the formula already given, is J =5.32 X10-* c.g.s. 
units. 

Table IV gives the average frequency difference and the resulting mo- 
ments of inertia for the two bands measured by the author, and also the re- 
sults given by Cooley for the three bands measured by him. The bands at 
1.66u, 2.2u, and at 3.31y give values for the moment of inertia all of the same 
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order of magnitude. It is not probable that experimental errors account for 
all the variation in these values, but that they indicate slightly different mo- 
ments of inertia, due either to lack of symmetry of the molecule, or to dis- 
placement of the atoms by vibration. Dennison® proposed an explanation of 


TABLE IV. Methane bands. Frequency difference and moment of inertia. 
Cooley Moorhead 
Frequency Moment of Frequency Moment of 
Band inertia difference inertia 
cm" c.g.s. units cm"! c.g.s units 


.32X10-” 
s 


7 


; NwWwWwhre 


the fact that the spacing of the 7.74 band is about half that of the 3.3u band, 
by assuming the overlapping of two bands, each having spacing equal to that 
of the 3.34 band. Guillemin® considered Dennison’s explanation improbable, 
since twice the frequency difference of the 7.74 band differs from the fre- 
quency difference of the 3.34 band by more than the probable experimental 
error. Also the entirely different spacing of the weak band at 3.5u has not 
been accounted for on the basis of the symmetrical methane molecule. While 
the question of the three entirely different moments of inertia indicated by 
the three different spacings remain unsolved, it is significant that the spacing 
of the two bands measured by the author is close to the value measured by 
Cooley at the 3.3u-band. 

The author acknowledges his indebtedness to Northwestern University 
for the use of its facilities and to Professor B. J. Spence, who suggested the 
problem. 
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MAGNETIC: ROTATION SPECTRUM AND HEAT OF DISSOCLA- 
TION OF THE POTASSIUM MOLECULE 
By F. W. Loomis anp R. E. Nuspaum 
UNIVERSITY OF ILLINOIS 


(Received November 20, 1931) 


ABSTRACT 

The magnetic rotation spectrum of the near red, 'I-'S band system of Ky» has 
been photographed with the apparatus previously used for Li». In this way the series 
of upper vibrational levels has been extended from the 16th, the last one observed 
by Crane and Christy, to the 27th. This permits an accurate extrapolation to con- 
vergence, which is estimated to occur at v’=31.6, the corresponding energy being 
17160 em™! = 2.12 volts. It follows that the heat of dissociation of the normal molecule 
is 0.51 +0.02 volt. From this and other data the percentage of molecules in the vapor 
at various temperatures is calculated. An improved Franck-Condon diagram for the 
red and infrared systems of Ky has been constructed. It gives a good representation of 
the observed distribution of bands and predicts the existence of an infrared edge. This 
is confirmed by observation. Magnetic rotation spectra have been found in the regions 
of the infrared and blue 'Y-'S systems. They are probably analogous to the red mag- 
netic rotation spectrum of sodium, and like it, are not yet understood. 


i ipa apparatus which we constructed! and used to study the magnetic ro- 

tation spectrum of Li, has now been used on that of Ke with the same ob- 
ject, that is, to measure the vibrational levels which come nearest to disso- 
ciation and to extrapolate them to find the energy of dissociation of the mole- 
cule. The apparatus, with a long column of vapor inside a solenoid, was de- 
signed to bring out the weak lines corresponding to these levels, and was suc- 
cessful in doing so in the case of lithium. 

The spectrum obtained in the region of the red (‘Il<—'S) system of potas- 
sium is shown in Fig. 1. In this figure the values of the quantum number 7” 
which have been assigned to the bands are indicated above them and the 
changes of quantum number, 7’—7”, for the various sequences are indicated 
below. The spectrum was photographed with sunlight as a source. The com- 
parison spectrum is neon. The continuum on the short-wave side is due to the 
magnetic rotation of the D lines of sodium which was present as an impurity. 
In the region where this comes near to the short wave end of the potassium 
rotation spectrum the absorption bands of potassium can be seen against it. 
The very strong line between the —5 and —6 sequences is the resonance 
doublet of atomic lithium which was also present as an impurity. The reso- 
nance doublet of potassium is far off the plate to the right. It will be seen that, 
as was the case with lithium, our method of observation brings out not only 
the heads of the bands but also a little structure on the long wave-length side 
of the stronger bands. 


' Loomis and Nusbaum, Phys. Rev. 38, 1447 (1931). 
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Table I gives the frequencies of all measured band heads with the excep- 
tion of a very few weak ones and perhaps one or two that could not be dis- 
tinguished from structural lines of strong bands. In many cases the frequen- 
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TABLE I (Continued) 


Observed- Observed- 
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cies are approximately the same as those of absorption bands reported by 
Crane and Christy,? but our measurements extend considerably further to- 
ward the short wave-lengths and also much further toward high quantum 
numbers. The highest value of v’ reported by Crane and Christy is 16, where- 
as we have identified bands up to v’ = 27, which according to our estimate be- 
low, comes within 5 levels of convergence. The quantum numbers which we 
have assigned to the bands measured by Crane and Christy are the same as 
theirs in all but one or two cases. The extension of the assignment to the 
higher numbered bands was carried out by a process of extrapolation by dif- 
ferences and was checked by the combination relation. 

We were not able to identify any bands due to the isotopic molecule 
K*°K*. This was doubtless due to the comparative scarcity of such molecules 
and to the smallness of the isotopic displacement. 

The extension of the spectrum to higher values of 7’ made necessary a re- 
vision of Crane and Christy’s formula. It was found that their formula for the 
v” terms is adequate, but that for the v’ terms had to be changed. It was found 
impossible to represent all the upper level terms by a polynomial of reasona- 
bly low degree. Eq. (1) 

y = 15378.01 + 75.00(v’ + 3) — 0.3876(0’ + 3)? 

+ 0.004366(o’ + 3)? — 0.0001830(o’ + 3)4 — 92.640" +3) = (1) 

+ 0.354(v" + 3)? 
however, was found to be satisfactory for all bands with v’ less than 25, and 
the values in the fifth column of Table I are calculated on the basis of Eq. (1), 
as are also the residuals in the sixth column. It will be seen, however, from 
column 6 and also from Fig. 2, in which the residuals from Eq. (1) are plotted 
against v’, that Eq. (1) is completely inadequate to represent the terms with 
v’>25. Eq. (2) 

vy = 15379.44 + 72.870(0’ + 3) + 0.2535(v’ + 3) 

— 0.06916(0’ + 4) + 0.0033472(0’ + 3)4 — 0.00005986(v’ + 3)5 (2) 
— 92.64(0” + 4) + 0.354(0” + 4)? 
? Crane and Christy, Phys. Rev. 36, 421 (1930). 
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is a least squares representation of the whole series of measured v’ levels. It is 
represented by the curve in Fig. 2. It will be seen that it represents the levels 
25-27 adequately and, indeed, represents all levels fairly well, but that it is 
inferior to Eq. (1) as a representation of the levels 0-24. Eq. (1) may, there- 
fore, be considered as the best available representation of the constants of the 
molecule near the equilibrium point, whereas the extrapolation to dissociation 
can best be based on Eq. (2). 

The extrapolation of the upper levels to convergence is shown in Fig. 3, 
wherein Av, the difference between successive vibrational levels of the upper 
state, is plotted against 7” the energy corresponding to the average of the 
two levels. The curve represents Eq. (2) which, as has just been pointed out, 
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Fig. 2. Residuals of observed frequencies from Eq. (1). The curve represents Eq. (2). 


is superior to Eq. (1) for high quantum numbers and for the extrapolation 
and which, for lower quantum numbers does not differ from Eq. (1) by 
enough to show on the scale of Fig. 3. It will be noted that the highest ob- 
served level lies within 0.02 volt of the estimated convergence and also that 
it would be difficult to make a reasonable extrapolation which would lie more 
than 0.02 volt above the estimated convergence, so that it may be said that 
the value of the energy of dissociation estimated by extrapolation according 
to Eq. (2) may be relied upon to within 0.02 volt. 

According to Eq. (2) convergence occurs at v’ = 31.6 and the correspond- 
ing maximum of 7”, that is the energy of the atoms into which the upper level 
dissociates, is 17160 cm. 

The energies of an excited potassium atom in the lowest *P states are 
12985 and 13043 cm~. Since it is uncertain into which of these the excited 
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molecule dissociates and since the difference between them is somewhat less 
than the probable error of the extrapolation, it is sufficient to take the energy 
of the excited atom as the average, namely, 13014 cm~!. The resulting value 
for the energy of dissociation of the normal molecule is 4146 em~'=0.51 volt. 

The value for the heat of dissociation calculated by Crane and Christy 
from their much shorter series of levels was 0.81 volt. It seems to be a gen- 
eral fact that too long an extrapolation is likely to lead to too high a value of 
the energy of dissociation. 

Several other estimates of the energy of dissociation of the normal Ke» 
molecule have been published. Carelli and Pringsheim,’ as the results of two 








Fig. 3. Av vs. T’ plotted and extrapolated to dissociation following Eq. (2). Upper scale of ab- 
scissae represents values of Dy’’ which would be deduced from corresponding 7” intercepts. 


somewhat different experiments, find the values 0.63 volt and 0.53 volt. 
However, Crane and Christy? have made a critical study of Carelli and 
Pringsheim’s experiments and conclude that they may be in error by as much 
as 0.3 volt. Dichtburnt and Walter and Barratt® make the assumption that 
certain diffuse bands in the spectra of Nag, Ke, Rbe, Css, ete., are similar to 
the iodine continuum at 5000A and are to be interpreted as due to transitions 
from the lower state to the dissociated upper state. They deduce the values 


3 Carelli and Pringsheim, Zeits. f. Physik 55, 643 (1927). 
* Dichtburn, Proc. Roy. Soc. A117, 486 (1928). 
® Walter and Barratt, Proc. Roy. Soc. A119, 257 (1928). 
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0.14, 0.53, 1.02 and 0.91 or 1.17 volts for the heats of dissociation of Nae, Ke, 
Rb. and Css, respectively. However, these values for the Nas, Rbe and Cs. 
molecules are absurdly far from the true ones. Moreover, they tacitly assume 
that the transitions accompanying the continua start from the 0 vibrational 
level of the lower states as they do in iodine, whereas Fig. 5 shows that they 
must start from a lower vibrational state having, in the case of Ke, some 0.3 
volt vibrational energy. It may reasonably be concluded that their agreement 


! 
| 
wy + 
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Fig. 4. Potential energy curves for the lowest three known levels of Ko. 


with our value in the case of Kz is wholly fortuitous. The significance of the 
observed continua remains obscure. 

Probably the best chemical determination of the heat of dissociation of 
potassium is that of Lewis* who measured the ratio of molecules to atoms in a 
molecular beam and found that the value of the heat of dissociation which, 
when put into Gibson and Heitler’s formula,’ gave the best representation 
of his data, was 0.62 +0.04 volt. Unfortunately he took for the moment of 

° Lewis, Zeits. f. Physik 69, 786 (1931). 

? Gibson and Heitler, Zeits. f. Physik 49, 465 (1928). 
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inertia the value 184 10-*° g - cm? which is from the old discredited’ work of 
Smith.® The true value!’ is 492 X 10-4 g - cm*. We have recalculated his data, 
with the correct value of the moment of inertia, and find for the energy of 
dissociation 0.56 volt which differs from ours by very little more than the 
0.04 volt which he claims as his probable error. 
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Fig. 5. Improved Franck-Condon diagram for the red and infrared systems. Lines of constant 
frequency have 45° slope. 


The heat of dissociation has also been estimated by Ootuka", on the basis 
of experiments with low pressure flames, as 0.53 volt, which is an average of 
a selection of a number of values ranging from 0.51 to 0.66 volt. 


8 Loomis and Wood, Phys. Rev. 32, 223 (1928). 
® Smith, Proc. Roy. Soc. A106, 400 (1924). 

10 Loomis, Phys. Rev., in press. 

1! Ootuka, Zeits. f. phys. Chemic B7, 422 (1930). 





MAGNETIC ROTATION SPECTRUM OF K; 97 


Fig. 4 shows the potential energy curves of the three lowest states of Ke 
as based on our value, 0.51 volt, for the energy of dissociation and on the 
constants of the molecule deduced by Loomis" in his rotational analysis of 
the spectrum. 

Fig. 5 is a Franck-Condon diagram, in the improved form described in 
our paper on lithium,' for the red and infrared band systems of potassium. 
The circles in the case of the red system represent the magnetic rotation 
bands as observed by us. In the case of the infrared system they represent 
the absorption bands reported by Crane and Christy. The curves deduced 
from Fig. 4 give a good representation of the intensity distribution, which is 
a confirmation of the correctness of the rotational analysis and of our value 
of the energy of dissociation. 

It will be noted that there should be a sharp edge to the infrared band 
system at about 10,300 cm~'=9700A. To check this point the absorption 
spectrum was photographed in this region. A rather sharp edge was found at 
10600A = 9450 cm~. The difference between this and the calculated location 
is probably partly due to inaccuracy of the parts of the potential energy curves 
which are connected with the edge and partly to the fact that the edge may be 
beyond the maximum of intensity. 

In column 3 of Table II are the values of the mass action coefficient, in 
millimeters of mercury, for the dissociation, calculated according to the equa- 
of Gibson and Heitler,’ with the data in this paper and Loomis’ value, 492 X 


TABLE IT. 





Pinmm K rs Pinmm K 
of Hg of Hg 











0 .0000183 0.3013 0.999878 28 .07 1709. 
0.000490 2.138 0.99954 127.4 4374. 
0.00655 10.08 0.9987 423.6 9325. 
0.290 115.1 0.9950 760.0 13439. 
3.95 506.9 0.9848 





10-*°, for the moment of inertia of the normal Kk, molecule. The corresponding 
vapor pressures of potassium, taken from the data as reported by Fiock and 
Rodebush” and by Edmondson and Edgerton," are given in column 2. In 
column 4 are given the corresponding values of a, the degree of dissociation 
of the molecules into atoms. The relation between K and a is 


4a? 
K = p. (3) 
1 — a? 

An attempt was made to settle the question as to whether the '>—'Z 
band system actually gives a magnetic rotation spectrum, as it appears to do 
in the case of sodium, although present theories indicate that it should not. 
By a long exposure with a rather wide slit, with a neocyanine plate, we suc- 


” Fiock and Rodebush, Jour. Am. Chem. Soc. 48, 2522 (1926). 
13 Edmondson and Edgerton, Proc. Roy. Soc. A113, 520 (1927). 
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ceeded in photographing what appears to be a magnetic rotation spectrum in 
the neighborhood of the infrared (‘X—'Z) system of Ke. As in the case of 
sodium, it has no simple relation to the absorption spectrum; at least, the 
magnetic rotation lines do not coincide with the absorption heads as they do 
in the II—'S system. Another magnetic rotation spectrum, which likewise 
has no simple relation to the absorption spectrum, was found in the region 
of the blue system which lies on the long-wave side of the second line of the 
principal series and is probably also a '2 —'D transition. 
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PHOTOELECTRIC AND THERMIONIC PROPERTIES OF 
PALLADIUM 


By Lee A. DuBRIDGE AND W. W. RoEHR 
WASHINGTON UNIVERSITY, St. Louts, Missourt 


(Received November 12, 1931) 


ABSTRACT 


The photoelectric and thermionic properties of pure palladium were studied dur- 
ing an extended outgassing in high vacuum. The threshold, obtained by extrapolation 
of spectral sensitivity curves, shifted from below 2300A to above 3000A and then back 
to a final value of 2486A as outgassing progressed. In the final state the photocurrents 
excited by monochromatic light increase with temperature, the relative increase being 
greater for the longer wave-lengths. At the higher temperatures the spectral sensi- 
tivity curves approach the axis asymptotically. The results are shown to be in excel- 
lent agreement with Fowler's recent theory and his method of analysis yields the 
value 4.97 +0.01 volts for the true work function (2486A). The thermionic work func- 
tion for the clean specimen was found to be 4.99 + 0.04 volts, and the value of the con- 
stant A is very close to 60 amp./cm? deg’. 


I. INTRODUCTION 


LTHOUGH it was only a few years ago that it could be said that there 
was not a single metal for which the photoelectric threshold for the 
thoroughly outgassed state was accurately known, there are today no less 
then 12 metals for which the photoelectric properties have been carefully in- 
vestigated under modern high vacuum conditions.! One is now justified in ex- 
amining the existing data for general relationships between the photoelectric 
and other properties of the elements. In particular, it is well known that there 
is a definite relation between the photoelectric work function and the position 
of the element in the periodic table, for we find that the metals at the begin- 
ning of each period—the alkalis and alkaline earths—have very low work 
functions and there is a general tendency toward higher values at the end of 
each period. In 1927 one of the authors? reported a study of platinum (the 
last element in the third long period) in which it was found that its work func- 
tion when thoroughly outgassed was approximately 6.3 volts, the highest 
value yet reported for any clean metal. This at once raised the question as to 
whether the elements palladium and nickel which occupy corresponding posi- 
tions in the previous periods would also show unusually high work functions 
when clean. Accordingly the authors undertook a study of palladium, the re- 
sults of which show that the work function of this metal, while considerably 
lower than that of platinum, is nevertheless definitely higher than for any 
other element in its period. A recently reported study by Glasoe*® shows the 


1 The measurements have been summarized in Chap. III of “Photoelectric Phenomena” 
by Hughes and DuBridge (McGraw-Hill Book Co., in press). There are only three metals for 
which both the thermionic and photoelectric work functions are accurately known. 

2? L. A. DuBridge, Phys. Rev. 29, 451 (1927); 32, 961 (1928). 

3G. N. Glasoe, Phys. Rev. 38, 1490 (1931). 
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same thing is true of nickel. As more data are obtained it may be expected 
that we will find a still more definite relation between photoelectric threshold 
and atomic number and this should be of considerable assistance in formu 
lating our theories of surface work functions. 

Although the present study was undertaken merely for the purpose of 
determining the photoelectric and thermionic work functions of palladium, 
while the work was in progress an important paper was published by R. H. 
Fowler* in which he proposed a new theory of photoelectric emission. It 
seemed highly desirable, therefore, to obtain the additional data required to 
put the theory to an experimental test. This was done and the results, as will 
be seen, furnish a valuable quantitative verification of the theory. 


Il. APPARATUS AND METHODS 
Tube and vacuum system 


The experimental tube was very similar to that used by DuBridge? in his 
study of platinum. It consisted of a Pyrex tube, with a strip of Pd foil sus- 
pended along the axis of three coaxial nickel cylinders, the two outer ones 
acting as guard rings and being connected to ground. The central collecting 
cylinder was connected to the electrometer through a well insulated seal at 
the side of the tube. A quartz window, attached by means of a graded quartz- 
to-Pyrex seal just opposite a circular opening in the collecting cylinder, 
served to admit the light when photoelectric readings were being taken, and 
to allow focussing of the optical pyrometer during temperature measure- 
ments. A magnetically operated shutter protected the window from deposits 
of vaporized palladium during the long outgassing process. 

The vacuum system consisted bf an air-cooled mercury diffusion pump in 
series with a Cenco-HyWac pump, these being separated from the experi- 
mental tube by means of a mercury cut-off and liquid air trap. The system 
contained no waxed seals and all stopcocks were restricted to the low-vacuum 
side. Pressures below the range of the McLeod gauge were measured by an 
ionization gauge, and were below 10-7 mm Hg in the final stages. 


Filament outgassing 


After a thorough cleaning of the tube and foil, the tube was sealed to the 
pumps and baked at temperatures as high as 485°C for from 20 to 30 hours, 
the filament being kept at a dull red heat by means of an electric current from 
a low voltage transformer. All metal parts were thoroughly outgassed by 
means of a high frequency induction furnace. During the initial outgassing 
the liquid air level was kept fairly low to condense vapors in the bottom of 
the trap, and was later raised to prevent their escape into the system. 

The specimen to be examined consisted of a ribbon of very pure palladium 
1204.5 X0.01 mm, bent in the form of a loop and suspended inside the col- 
lecting cylinders by means of heavy tungsten leads. There was great difficulty 
in getting the filament to survive the complete outgassing treatment. Most 
of the specimens developed hot spots after 75 to 300 hours of treatment at 


‘R. H. Fowler, Phys. Rev. 38, 45 (1931). 
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1300°K and broke at these points, although this temperature is several 
hundred degrees below the melting point of palladium. The broken filaments 
showed a very marked crystallization near the break and under the micro- 
scope had an appearance very similar to micro-photographs of aged pal- 
ladium foils published by Utterback.’ The breaks seemed to occur along the 
crystal boundaries. This early failure of the filaments was finally overcome 
by beginning the outgassing process at much lower temperatures (<900°K), 
and, after 500 or 600 hours of heating, raising the temperature slowly to 
1300°IX with an occasional flashing at 1400°K. This greatly reduced the rate 
of evaporation and of crystallization and allowed the specimens to survive for 
1600 hours or more, during which time the photoelectric behavior reached a 
steady state which could not be changed by further treatment. During most 
of the heating the filament was maintained 200 volts positive with respect to 
the cylinders, to assist the positive-ion emission (presumably gas ions) from 
the filament. The positive-ion currents were very large at first but decreased 
rapidly during outgassing, although they never completely disappeared. 

Photocurrents were measured by means of a Compton electrometer whose 
sensitivity was varied from 5000 to 16,000 mm per volt depending on the 
emission to be measured. The rate-of-charge method was used. For thermionic 
currents, the electrometer was shunted to ground through one of several high 
resistances (107 to 10° ohms) and through a resistance-box potentiometer. 
It thus became a steady-deflection instrument, a null method of measure- 
ment being used. Dr. L. C. Van Atta of this laboratory made the high re- 
sistances used.° 

In order to obtain steady heating currents while runs were being taken, 
a 24-volt bank of large storage cells was connected in series with a set of fixed 
wire resistances of negligible temperature coefficient. In this manner heating 
currents could be kept constant to about 0.001 amp. 


Temperature measurements 


At incandescent heat the temperature of the palladium was measured 
with a disappearing-filament type of optical pyrometer, which had previously 
been calibrated against a standard tungsten lamp supplied to this depart- 
ment by Dr. Forsythe of the Nela Park Laboratories. The true temperature 
was obtained from the brightness temperature using published tables for 
platinum,’ the emissivities of palladium and platinum being the same. The 
lower temperatures were determined by measuring the resistance of the fila- 
ment. 


Source of light 


The source of illumination was a vertical air-cooled quartz mercury arc 
operated at 90 volts and 2.0 amperes. The light was resolved by a Hilger, 


°C, L. Utterback, Rev. Sci. Inst. 1, 39 (1930). 

6 The method of making these resistances has been described in Rev. Sci. Inst. 1, 687 
(1930). 

7 International Critical Tables, Vol. V, p. 245. 
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quartz-prism, constant-deviation, monochromatic illuminator and focussed 
on the filament by a quartz lens. Relative intensities of the spectral lines 
were obtained from the response of a quartz sodium photoelectric cell con- 
nected to a direct-current amplifier, the cell having been previously cali- 
brated by means of a tungsten lamp. This method will be described in detail 
elsewhere. 

III. PHororELEctTRic RESULTS 


The general trend of the photoelectric threshold during outgassing is 
shown in Fig. 1, in which the longest wave-length at which an emission was 
detected at room temperature is plotted as a function of the degassing time. 
The general shape of this curve is characteristic of all specimens examined. 
In all cases thresholds below 2300A were observed for fresh specimens. The 
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Fig. 1. Behavior of the photoelectric threshold for Pd during outgassing. The discontinuity AB 
was caused by rebaking the tube. 


speed with which the long wave limit increased during the initial stages de- 
pended very greatly on the outgassing temperature. For example, for the 
specimen represented in Fig. 1 the threshold did not reach its maximum 
value (3022A) until after 600 hours of treatment at 900°K, while for other 
specimens a threshold of approximately 3300A was reached after only 25 
hours at 1400°K. The severe initial treatment resorted to in the latter case, 
although it seemed to speed up the process, so weakened the specimen by 
evaporation and crystallization that it invariably failed to withstand further 
treatment long enough to reach a final stage. In Fig. 1 the sudden drop in 
threshold value from A to B at 660 hours is the result of rebaking the experi- 
mental tube. Exposing the filament to air for a short time at a pressure of 
several cm Hg resulted in the temporary increase in \» shown at 800 hours. 
The long wave-length limit then decreased to 2536A at room temperature and 
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did not change for the last 200 hours. A hot spot which developed during the 
last 100 hours made further treatment at higher temperatures impossible. 
The final value of the surface work function for this specimen was 4.95 volts 
as calculated from extrapolation of f(A) curves for room temperature and 
4.93 volts when the Fowler method of plotting was used. More reliable read- 
ings were obtained from another specimen which had been treated in a man- 
ner similar to that described above but which withstood over 1000 hours of 
outgassing treatment. The final value of the threshold for this specimen, ob- 
tained from the f(A) curve for room temperature (shown in Fig. 3 below), was 
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Fig. 2. Temperature variation of photo-currents. 


2486A (4.97 volts). When the Fowler method of analysis was employed (see 
Fig. 4) the same value of the work function was obtained, and this may 
therefore be taken as the best value for the photoelectric work function of 
thoroughly outgassed palladium. 


IV. TEMPERATURE VARIATION® 


The variation with temperature of the photoelectric current from clean 
Pd excited by light is shown in Fig. 2, in which the ratio (J/Jo) of the photo- 
current at a given temperature 7 to that at room temperature is plotted as a 
function of 7. When the specimen had reached its steady state these curves 
were completely reproducible. It is seen that for wave-lengths far from the 


8 This problem is further discussed in the next paper in this issue of the Physical Review. 
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threshold (A2225) the effect of temperature is almost negligible, while near 
the threshold (e.g., 42482) the current increases very rapidly with tempera- 
ture. (The curve for \2482 is represented by the dotted line when the vertical 
scale is contracted ten-fold.) 

The ordinary spectral distribution curves for three temperatures are 
shown in Fig. 3. The pronounced feet of these curves, especially at higher 
temperatures, are not due to scattered light. The curves do not cut the axis 
at any definite wave-length, but approach it asymptotically, the approach 
being more gradual for the higher temperatures. All of these curves are quite 
similar to those obtained by Winch,’ Morris,'’ and Cardwell" for Ag, Au, and 
Ta surfaces respectively. It is seen from Fig. 3 that in the temperature range 
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Fig. 3. Spectral distribution curves for outgassed Pd. 


used, 305° to 1078°K, the threshold seemed to shift from about 2490A to 
2660A corresponding to a change in work function from 4.95 to 4.64 volts. If, 
however, the approach is asymptotic, as predicted by R. H. Fowler,‘ and as 
indicated by Fig. 3, then the longest wave-length at which an effect is ob- 
served is limited only by the sensitivity of the measuring instruments used.” 
Thus the so-called “shift” in threshold has lost its meaning. Fowler has 


®R. P. Winch, Phys. Rev. 37, 1269 (1931). 

10 7.. W. Morris, Phys. Rev. 37, 1263 (1931). 

1 A, B. Cardwell, unpublished data quoted by R. H. Fowler (reference 4). 

2 The asymptotic approach of these curves to the axis is due to the thermal energies of the 
electrons. Suhrmann (Zeits. f. Physik 33, 63 (1925)) pointed out that, on the basis of the clas- 
sical electron theory of metals, the curves should be of this form, and he found this to be the case 
experimentally. Lawrence and Linford (Phys. Rev. 36, 482 (1930)) obtained similar curves for 
K layers on W and stated that they could be accounted for by thermal energies of the electrons 
as given by the Fermi-Dirac statistics. The first quantitative treatment of this problem is that 
given by Fowler. 
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pointed out that the method of extrapolating the f(A) curves to zero current, 
hitherto employed to obtain the threshold, is no longer valid, and he has 
given a new method for evaluating this constant. It will be shown in the fol- 
lowing section that Fowler’s theory completely accounts for the tempera- 
ture variation represented in Figs. 2 and 3. 


V. COMPARISON WITH FOWLER’'s THEORY® 


Fowler's theory leads to the result that the photoelectric current J ex- 
cited in a metal surface at the temperature 7 by unit intensity of light of fre- 
quency v is given by the relation 


log 1/T? = (wu) + const. 











Fig. 4. Analysis of photoelectric observations by Fowler's method. 


where p=h(v—vo)/RT and ® (uz) is a universal function of wu. vp is the thres- 
hold at O°K. If ® (u) is plotted against uw the curve shown in Fig. 4 is obtained. 
To obtain vo for a given surface the photoelectric observations at a given tem- 
perature are plotted in the form log 7/7? against hvy/k7T, and the horizontal 
component of the shift required to make this curve fit the theoretical curve 
is equal to hyo/kT. Fowler showed that his theory was in good agreement 
with the results of Winch,® Morris,!° and Cardwell," but it is highly desir- 
able to make further experimental tests. 

An analysis by Fowler’s method of the data for clean Pd is also shown in 
Fig. 4, in which the experimental points are plotted after they have been 
shifted by the proper amounts. Observations of J as a function of v were 
taken for 8 different temperatures in the range 305°K to 1078°K, yielding 8 
observed curves. The vertical shifts required to bring these curves into coin- 
cidence with the theoretical curve were the same for all temperatures, as de- 
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manded by Fowler’s theory. From the horizontal shifts the work functions 
shown in the figure were computed. The individual values show an excellent 
agreement among themselves, yielding an average value of 4.97 +0.01 volts 
(2486A). This happens to be in good agreement with the value obtained by 
extrapolating the f(A) curve taken at room temperature (Fig. 3). Fowler's 
method, however, gives the true or absolute zero value of the work function 
which is not affected by an arbitrary extrapolation of a curve which really ap- 
proaches the axis asymptotically. 

















ise) 


log, (I/T*) + const. 























1.9 7.5 








17 
1/T x10* 


Fig. 5. Thermionic curve for outgassed Pd. 


Application of Fowler’s method to observations made before the speci- 
men had reached a final state also gave a good fit, as well as good agreement 
in the values of @o for various temperatures. It is to be concluded, therefore, 
that Fowler’s theory is applicable not only to surfaces entirely free from gases 
but also to all surfaces in a state sufficiently stable to prevent any appreciable 
change during the course of the observations. 


VI. THERMIONIC MEASUREMENTS 


In taking thermionic measurements, simultaneous readings were taken of 
the thermionic current and filament temperature. The true temperature, as 
determined from the average of several pyrometer settings, was plotted asa 
function of the filament heating current and the final temperatures were read 
from a smooth curve drawn through the experimental points. 
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After repeated attempts it was found that no systematic study of the be- 
havior of the thermionic work function during the outgassing process could 
be made, since the temperatures required for thermionic measurements were 
higher than the temperatures at which the filament could be heated safely 
during the initial stages. It was found, however, that the thermionic work 
function decreased from high initial values down to values as low as 2.0 volts, 
and this was followed by a subsequent rise, in line with the corresponding 
photoelectric changes. Satisfactory thermionic measurements after the final 
state was reached were obtained for only a single specimen (the one for which 
the curves of Figs. 2, 3, and 4 are plotted), and this specimen developed a hot 
spot and burned out before the run could be repeated. The data for this run 
are shown in Fig. 5, plotted in the usual form for determining the work func- 
tion in Richardson’s equation, 


I = AT%-*!7 


The value of b is 57,950°K corresponding to a work function of 4.99 volts, 
with a possible error of about 1 percent. 

Fowler’s theory predicts that the value of the thermionic work function 
should be equal to the true photoelectric work function ¢@, determined by 
the method outlined in the previous section. It is seen that this prediction is 
verified within the limits of experimental error, the values being 4.99+0.04 
volts and 4.97 +0.01 volts, respectively. This point is of interest since it has 
not been previously tested directly and since it has occasionally been sug- 
gested that the thermionic and photoelectric work functions, in order to agree, 
should be measured at the same temperature. In the present experiments, 
however, if the photoelectric threshold is determined at high temperatures by 
the usual extrapolation methods, a work function is obtained (4.64 volts) 
which differs by 7 percent from the thermionic value. This furnishes further 
striking evidence in favor of Fowler’s theory. 

The average value of the thermionic coefficient A, although it could not 
be determined with high accuracy in these experiments, came out very close 
to the theoretical value of 60 amp/deg?. cm*, with a maximum deviation of 
about 30 percent from this value. This is in interesting contrast to the results 
for Pt which yielded very high values of A, although the two metals, since 
they occupy similar positions in the periodic table, would be expected to show 
a similar thermionic behavior. However, this result confirms the suggestion" 
that high values of A occur only with unusually high values of b. 

The experimental work described in the present paper was assisted by a 
grant to the senior author from the Science Research Fund of Washington 
University. 


L.A. DuBridge, Proc. Nat. Acad. Sci. 14, 78 (1928). 
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ABSTRACT 

Fowler's theory of photoelectric emission is discussed from the viewpoint of the 
experimental physicist and several significant consequences of the theory in analyzing 
experimental data pointed out. A new graphical method of testing the theory is sug- 
gested. This method makes it possible to determine the “true” photoelectric threshold 
of a surface from photocurrent-temperature curves taken at a single incident fre- 
quency, eliminating the necessity of measuring relative intensities of spectral lines. 
The method is applied to new experimental data on palladium and to Morris’ data 
on gold and found to be completely successful, thus furnishing additional verification 
of Fowler's theory. 


H. FOWLER! has recently made an important contribution to the 
* theory of the photoelectric effect in metals by deriving an equation for 
the specific photoelectric emission from a metal surface as a function of the 
frequency of the incident light and the temperature of the surface. He has 
devised an ingenious graphical method of testing the theory and has shown 
that it is in excellent agreement with the best experimental results. The 
same graphical method is also used to determine from experimental results 
the true photoelectric threshold of the metal. The purpose of the present paper 
is to discuss some of the experimental implications of Fowler’s theory and 
to suggest another method of testing the theory and determining the thres- 
hold. The method is an obvious variation of the one proposed by Fowler, 
but it is of considerable interest in itself and has been found by the author to 
be extremely useful in analyzing experimental data. 


I. Discussion OF FOWLER’s THEORY 


Fowler’s assumptions are: (1) that the electrons within a metal obey the 
Fermi-Dirac statistics and (2) that the number which will be ejected by unit 
energy of absorbed light of any frequency v is proportional to the number 
within the metal which have energies normal to the surface such that, when 
augmented by the energy hv, they are sufficient to surmount the surface po- 
tential step xo. Fowler was able greatly to simplify the theory by consider- 
ing only the effects of incident frequencies which do not differ greatly from 
the threshold frequency vo. This restriction eliminates the necessity of con- 
sidering such uncertain quantities as transition probabilities of electrons 
through surface potential barriers, for these introduce terms which can be 
considered essentially constant over small frequency ranges. On the other 


1 R. H. Fowler, Phys. Rev. 38, 45 (1931). 
108 





PHOTOELECTRIC EFFECT 109 


hand the restriction is not a serious one from the experimental viewpoint for, 
except for the alkali metals, the frequencies available experimentally lie as a 
rule within 30 percent of the threshold, and over this range the theory is 
reasonably exact. The final equation obtained for the photoelectric current J 
excited in a metal surface at the temperature T by unit intensity of absorbed 


light of frequency v is 
logio J/T*? = B+ P(u), (1) 


where B=constant, independent of v and 7, 
w= h(v — v9) /kT, 
and ® (y) is a universal function of wu given by 
P(u) = logio (e* — e4/2? + e#/3* — ---) for wu S,0, (2) 
@(u) = logiy (72/6 + 3u2 — [e* — e-%/2? + e-%#/32 — --- ]) foru = 0, (3) 


Values of ® (u) for a series of values of u are listed in Table I, and these 
are plotted in the curve shown in Fig. 1. 





TaBLe I. Valuesof Fowler's function (x). 
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Fowler’s method of testing Eq. (1) is as follows: Observations are taken 
of the photoelectric current per unit intensity as a function of frequency, for a 
metal surface at a fixed temperature 7. A plot is made of log 7/7 as a func- 
tion of hy/kT. This observed curve should be of the form of the theoretical 
curve of Fig. 1, and should, after a shift parallel to itself, coincide with it. The 
vertical component of this shift is unimportant, since it involves only the 
constant B and will depend on the units in which the current and light inten- 
sity are measured. The horizontal component, however, should be equal to 
hvo/kT, from which vp may be determined. Fowler showed in this way that 
the theory was in excellent agreement with the observations of Winch,’ 
Morris* and Cardwell* on Ag, Au, and Ta, respectively, while it has been 

2? R. P. Winch, Phys. Rev. 37, 1269 (1931). 


3L. W. Morris, Phys. Rev. 37, 1263 (1931). 
‘ A. B. Cardwell, unpublished. 
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shown in the previous paper in this issue of the Physical Review* that it is 
also in good agreement with the results of DuBridge and Roehr on palladium. 

The success of Fowler’s theory makes it imperative to inquire further into 
its significance and its consequences. We find at once that, while it intro- 
duces no radically new ideas as to the nature of the photoelectric process it- 
self, it nevertheless gives a quantitative interpretation of many experimental 
facts in the field of photoelectricity which have been a puzzle for many years. 
At the same time, because of its simplicity in form, it is exceedingly useful in 
analyzing and coordinating experimental data, and in serving as a guide to 
further research. There are several features of the theory which are of par- 

| 





























6 
Fig. 1. Fowler's theoretical curve, (x) vs. u. 


ticular interest to the experimentalist, and which therefore deserve further 
discussion. 

1. The fact that the quantity log 7/7? turns out to be a universal function 
of wis in itself of considerable interest since it will very greatly simplify the 
analysis and comparison of experimental results. In view of the wide variety 
in the forms of ordinary spectral distribution curves (J vs. v) it is a result 
which would scarcely have been expected. 

2. The threshold frequency v9 is defined by Fowler from the equation, 


hvo = g@o€ = Xo — e* (4) 
where e* is the maximum kinetic energy of the electrons at absolute zero on 


5 L. A. DuBridge and W. W. Roehr, Phys. Rev. 39, 99 (1932). 
6 G. N. Glasoe (Phys. Rev. 38, 1490 (1931)) also finds an agreement with his results (for a 
single temperature) on Fe and Ni. See also A. H. Warner, Phys. Rev. 38, 1871 (1931). 
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the Fermi statistics, and ¢o is the surface work function. It is evident that vo 
is not the threshold obtained by the ordinary method of extrapolating spec- 
tral distribution curves to the axis, for, as can be seen from Eq. (3), for T> 
0°K the current J does not fall to zero at y = v9, but approaches zero asymptot- 
ically as v decreases. [Hence there is no such thing as a sharply defined threshold 
at any temperature above 0°K. At this temperature, however, J is proportional 
to (v—vo)? so that vp is the threshold at absolute zero. Since vo is a real char- 
acteristic of the surface it may be called the true threshold, while @o is the true 
work function. (¢9 should be equal to the thermionic work function, since 
this is also defined by Eq. (4).) Fowler’s theory gives a method by which the 
true threshold ») may be determined from measurements made at ordinary 
temperatures. 

3. Fowler’s theory has greatly clarified the question of the temperature 
variation of the photoelectric effect, a problem which has been extensively 
investigated. It is evident that it is now meaningless to speak of the “tem- 
perature variation of the photoelectric threshold,” for the true threshold is 
not temperature dependent, while the apparent thresholds obtained by ex- 
trapolation methods do not have sufficient quantitative significance to permit 
of exact discussion.’ The question as to the temperature variation of photo- 
currents due to monochromatic light has, however, taken on added interest. 
It is well known that the early experiments showed that, over small tempera- 
ture ranges, the photoelectric currents excited by unresolved light were nearly 
independent of temperature, while in a number of more recent experiments, 
taken over a wider temperature range, a definite increase of photocurrent 
with temperature has been observed. Ives* was the first to show that the in- 
crease is greater for light of longer wave-length. The only quantitative ex- 
periments with monochromatic light are those of Winch,? Morris,’ and Du- 
Bridge and Roehr,® and these, as will be shown, are in complete agreement 
with Fowler’s theory. According to this theory the temperature variation 
depends greatly on the incident frequency. Thus for y=vo, J is proportional 
to T*. For larger frequencies the variation is much slower and becomes almost 
inappreciable for light which is 200A or more on the short wave-length side 
of the threshold. For v less than vp, on the other hand, the variation is ex- 
tremely rapid, due to the exponential terms in Eq. (2). It is significant that 
the temperature changes observed experimentally are entirely accounted for by the 
increase in thermal energy of the electrons, without the necessity of attributing 
them to changes in the surface itself, such as thermal expansion, etc. 

4, The lack of sharpness in the threshold at temperatures above 0°K in- 


7 This is of particular interest in connection with the recent discussion on the relation of 
the temperature variation of the threshold to the value of the thermionic coefficient A. (See 
L. A. DuBridge, Proc. Nat. Acad. Sci. 14, 788 (1928); P. W. Bridgman, Phys. Rev. 31, 90 
(1928); K. F. Herzfeld, Phys. Rev. 35, 248 (1930); J. A. Becker and W. H. Brattain, Phys. Rev. 
37, 462 (1931)). Evidently abnormal values of A can not be ascribed to a temperature coefficient 
of vo, since the apparent changes in vo are due only to the thermal energies of the electrons and 
not to a real change in work function. 

8 H. E. Ives, J. O. S. A. 8, 551 (1924); H. E. Ives and A. L. Johnsrud, J. O. S. A. 11, 565 
(1925). 
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volves also a lack of sharpness in the maximum velocity of the emitted elec- 
trons. And this means that the Einstein equation can be expected to hold 
exactly only at very low temperatures. This is an exceedingly important re- 
sult, and one which requires further theoretical and experimental examina- 
tion. It is a matter of good fortune that at room temperature the lack of 
sharpness in the threshold is not sufficiently marked to produce serious errors 
in the determinations of vp by extrapolation. The lack of sharpness is appre- 
ciable, however, and does become serious at high temperatures. It remains to 
be seen how great are the errors involved in the usual method of determining 
maximum velocities of emission. 

5. Finally it should be mentioned that the variation of the photocurrent 
with frequency and temperature predicted by Fowler's theory are due di- 
rectly to the characteristics of the Fermi distribution of velocities among the 
electrons, and to nothing else. The success of the theory thus constitutes one 
of the most direct and most convincing tests yet obtained of the applicability 
of the Fermi-Dirac statistics to electrons in metals. 


Il. ANOTHER METHOD OF DETERMINING Pp 


Fowler’s method of analyzing photoelectric observations consists in meas- 
uring J as a function of v for a fixed value of 7, and then plotting log J/7° 
against hv/kT. By taking observations at other values of 7 one obtains a 
series of “isothermal” curves, and from the horizontal shifts required to make 
these curves fall on the theoretical curve, vp is determined. There is, how- 
ever, another obvious method of using Fowler’s equation for the analysis of 
photoelectric observations, which, besides being of interest in itself, offers a 
number of advantages over Fowler’s own method. By making use of this new 
method it is possible to determine vp from measurements made at a single fre- 
quency of incident light, and this eliminates the necessity of measuring the 
relative intensities of spectral lines. 

The method is as follows: Instead of plotting Fowler's function ®(y) 
against uw, plot it as a function of log a |. The necessary data are given in 
Table I and the curve obtained is shown in Fig. 2. This curve consists of two 
branches, one for positive and one for negative values of u. We will confine 
our attention for the present to the positive branch. Now suppose that for 
incident light of a fixed frequency (v>v») we observe the photoelectric cur- 
rent J as a function of the temperature of the emitting surface. We thus ob- 
tain an “isochromatic” instead of an “isothermal” run. If the observations are 
plotted in the form log 7/7? against log 1/7 (= —log 7) we obtain a curve 
which, after a shift parallel to itself, should coincide with the theoretical 
curve shown in Fig. 2. The vertical component of the shift is again unimpor 
tant. It will involve the constant B, and will depend on the units in which J 
is measured. It will depend also on the intensity of the incident light, since in 
this case it is not necessary to reduce J to unit intensity. The horizontal 
component of the shift, however, is equal to log h(v—vo)/k, because log 
u=log[h(v—vo)/k]—log 7. Hence, knowing v, we may determine rp at once. 
It is evident that this process is quite analogous to that of determining the 
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“characteristic temperature” of a substance from specific heat data by plot- 
ting c, against log 7. The quantity h(vy—vo)/k in the present case is, in fact, 
a sort of characteristic temperature for the particular surface and the par- 
ticular frequency of light used. 

Let A be the horizontal shift required to bring the observed and theoreti- 
cal curves into coincidence, and set log @=A. Then we should have, 


h(v — vo)/k = 0. 


In actual practice we usually desire to determine the work function @o of the 
surface in volts. Then doe = 300hr9. Let V be the voltage-equivalent of the 
frequency used, so that Ve = 300hv. Then we should have 


e(V — $o)/300k = 0. 
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Fig. 2. Fowler's theoretical curve, &(u) vs. log | | ‘ 


Whence, 
oo = V — 300k6/c 


: , (5) 
V — (8.61 X 10>5)@, 


The results of analyzing the experimental data in this way will be pre- 
sented below, and it is shown that the method is completely successful. It is 
evident that this method of determining ¢» has a number of distinct advan- 
tages over the previous one. In the first place, as has been pointed out, it 
makes possible for the first time the determination of ¢o from measurements 
made at a single frequency. By taking several isochromatic curves at different 
frequencies, several determinations of ¢@o9 can be made, which, it has been 
found, agree within experimental error. Furthermore, in plotting these dif- 
ferent curves it is not necessary to reduce 7 to unit intensity of absorbed 
light, for this factor would simply result in an additional vertical shift of each 
curve. (If J were reduced to unit intensity all curves would have the same 
vertical shift, but this does not assist materially in the “fitting” process.) It is 
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well known that measurements of the intensities of spectral lines are trouble- 
some at best and for weak lines in the far ultraviolet are exceedingly difficult 
to obtain accurately. A method which eliminates the necessity of making 
such measurments will be of interest to every experimentalist in this field. It 
is only necessary to insure that the intensity of the light remains constant 
during each run. 

Another advantage of this method lies in the fact that the quantity 
directly determined from experiment is not vp but (v—vo). Hence, as can be 
seen from Eq. (5), an error in determining 6 makes a much smaller error in do, 
since the second term is much smaller than the first and since V is usually 
known with considerable accuracy. Theoretically, therefore, this method is 
capable of high precision in determining @o. In actual practice, however, it 
was found that the precision of the two methods was about the same, due 
to the fact that small errors in determining log @ give much larger errors in 
6 itself. 

Finally there should be mentioned several sources of error which must be 
guarded against in analyzing observations by either of the two methods. In 
the first place, it has been assumed that there is a fixed ratio between the 
amount of light absorbed by the surface and the amount incident upon it, so 
that we do not need to distinguish between incident and absorbed energy. 
This will not be true if the reflectivity of the surface varies either with the fre- 
quency or with the surface temperature. A variation with temperature will 
only introduce different vertical shifts in the ‘sothermal curves but will change 
the shape of the ¢sochromatic curves and thus introduce an error in determin- 
ing do. Changes with frequency, on the other hand, will only affect the vertical 
shift of the zsochromatic curves, but will introduce an error in the isothermals. 
Fortunately, for the metals which have been studied, the reflectivity does 
not vary appreciably with either v or 7, but this possibility must be kept in 
mind, and if necessary corrected for. In this respect the isochromatic method 
of analysis has a slight advantage, since changes of reflectivity with tem- 
perature are more easily measured (by Winch’s method?) than changes with 
frequency. (Care must be taken, of course, that the specimen does not warp 
or sag due to its thermal expansion so as to change the amount of light inci- 
dent upon it.) 

It will be noted that the lower end of the curve of Fig. 1 and the upper 
end of curve I of Fig. 2 are quite accurately linear. Hence if the range covered 
by the observations falls on one of the linear portions, no unique fit is pos- 
sible and the threshold cannot be determined with certainty. The most ac- 
curate fitting of isothermal curves can thus be made in the region of low tem- 
peratures and high frequencies (i.e., y considerably above vo), while for the iso- 
chromatic curves the most accurate results are obtained with high tempera- 
tures and low frequencies (v near v9). 


III. EXPERIMENTAL TESTS 


The new method of testing Fowler’s theory and determining the true 
work function was applied to the data on palladium obtained by the author 
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and Mr. W. W. Roehr (see previous paper) and to the data on gold published 
by Morris.’ The latter set of data is the only one previously published in a 
form sufficiently complete to enable the necessary calculations to be made. 
The results for clean palladium have been plotted in Fig. 3, in which the ex- 
perimental points have already been shifted by the amount necessary to 
make the individual observed -isochromatic curves fall on the theoretical 
curve. The details of experimental procedure have been described in the 
previous paper, and the observations used here are the same ones repre- 
sented by the curves of Fig. 2 of that paper. Points are shown for six different 
mercury arc lines on the short wave-length side of the threshold, and the 
temperature range covered in each run was from 305°K to 1070°K. The mag- 
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Fig. 3. Analysis of data for clean Pd. 


nitudes of the horizontal shift (log 6) and of ¢o for each wave-length are given 
in Table II. It is seen that the maximum deviation from the mean value of 
¢o is of the order of 0.5 percent, which is well within experimental error. The 
mean value is also in excellent agreement with the value 4.97 volts, obtained 
by analyzing data for the same specimen by Fowler’s method. 


TABLE II. Analysis of data for clean palladium. 








(A) V (volts) log 6 do (volts) do (A) 
2225 5.549 3.75 4.98 2482 
2302 5.363 3.65 4.98 2482 
2345 5.265 3.56 4.94 2502 
2378 5.192 3.47 4.94 2502 
2399 5.146 3.36 4.95 2495 
2482 4 4.96 2490 


.972 2.19 





Average 4.96 2491 
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A similar plot of the data for palladium which had not been thoroughly 
outgassed, but which was in a fairly stable state, is shown in Fig. 4, and Mor- 
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Fig. 4. Analysis of data for partially outgassed Pd. 


ris’ data for gold are shown in Fig. 5. It isseen that again an excellent fit with 
the theoretical curve is obtained and that the values of @ are also in good 


24 , 














log |p} (p> & 
Fig. 5. Analysis of data for gold (Morris). 


agreement. In the case of gold the average value of ¢o obtained by this method 
(4.81 volts) is to be compared with the value 4.90 volts obtained by Fowler 
from his analysis of Morris’ data. The discrepancy of about two percent might 
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easily be due to the errors involved in reading numerical values from the pub- 
lished curves. Also it was not certain that Morris’ isochromatic runs were 
taken under exactly the same conditions as to freedom from gases as the iso- 
thermal curves used by Fowler. 

Nothing has so far been said about the negative branch of the theoretical 
curve shown in Fig. 2. It is obvious that observations taken for a frequency 
which is on the long wave side of the true threshold (u<0) should fall on 
this branch. Measurements in this region, however, are difficult to obtain 
accurately, owing to the smallness of the currents themselves, and to the rela- 
tively large fraction of these currents which may be due to stray light of 
shorter wave-lengths. Nevertheless, in a few cases reliable runs were obtained 

















Fig. 6. Plot of data for »<vo. 


for one or two wave-lengths beyond the threshold, and the results are shown 
in Fig. 6. These runs were obtained at the same time as those shown in Fig. 4. 
The agreement, while not as good as before, is within experimental error, and 
the value of the work function agrees within about one percent with that ob- 
tained for shorter wave-lengths. While it is probably not practicable to use 
observations taken for y<vp in accurate determinations of vo, they neverthe- 
less in this case furnish an additional experimental verification of the theory. 


IV. CONCLUSION 


It appears from the curves shown above and from those shown in Fow- 
ler’s paper that Fowler's theory is in complete quantitative agreement with 
experiment, whether the isothermal or the isochromatic method of analysis 
be employed. His theory therefore marks a very great step forward in our un- 
derstanding of photoelectric processes. It is particularly fortunate that Fow- 
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ler has put his theory in a form which is both understandable and useful to 
the experimental physicist in analyzing his data, and it may be expected to 
play an important role in future experimental studies. 

In conclusion the author wishes to express his indebtedness to Mr. W. W. 
Roehr who assisted in the experimental work, in making the calculations, and 
plotting the curves, and also to acknowledge a grant from the Science Re- 
search Fund of Washington University which made the work possible. 
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TEMPERATURE VARIATION OF THE MAGNETIC SUSCEP- 
TIBILITY, GYROMAGNETIC RATIO, AND HEAT 
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ABSTRACT 

Calculations of the magnetic susceptibilities in Sm**+* and Eu*** inclusive of 
second order Zeeman terms, previously made at 7=300°K only, are extended to in- 
clude values over a temperature range 0°K-800°K. The value assigned to the screen- 
ing constant used in computing the multiplet intervals is adjusted to make the the- 
oretical susceptibilities agree as closely as possible with experimental data. This fixes 
the separation between the lowest two levels with less uncertainty than in existing 
spectroscopic estimates. The computations show that Sm*** should exhibit an un- 
usual behavior in that, whereas at low temperatures the susceptibility decreases 
rapidly with increasing temperature, a minimum is reached between 375°K and 
450°K. The theoretical values of the temperature coefficients of susceptibility in 
Sm*** and Eu*** (both of which are much lower than the Curie value 1/T) are in sat- 
isfactory agreement with experiment when the second order Zeeman terms are in- 
cluded. The other elements in the rare earth group do not deviate appreciably from 
the Curie law. The present computations show an increase in the gyromagnetic ratio 
in Sm*** with increasing temperature, in contrast with the behavior in Eu*** in 
which increasing temperature decreases this ratio. The temperature variation of the 
contribution of the multiplet levels to the heat capacity of Sm*** and Eu*** is also 
calculated. 


INTRODUCTION 


HE discrepancy between the theoretical and experimental values of the 

magnetic susceptibilities in the rare earth group was shown in a previous 
letter to the Editor! to be removed by the inclusion of the second order 
Zeeman terms, the effect of which is important only in Sm*+** and Eut**, A 
comparison of these theoretical results with those of Hund? is given in Fig. 1. 
In this figure, as well as throughout the rest of the paper, the three plus signs 
are omitted and every time the chemical symbol for an element is used, it 
stands for the triply charged ion of that element. Assuming infinite multiplet 
widths, Hund obtained an expression for the susceptibility 


x = NB IS + 1)/3kT (1) 


which conforms to the classical Curie law (x« 1/7). In this expression, N is 
Avogadro’s number, g the Landé factor [3/2+(S+S—-L?—L)/2(7+J)], 
and 8 the Bohr magneton (he/4amc). Here §?g?J(J+1) is the square of the 
magnetic moment of the atom and is independent of the temperature. The 
solid line in Fig. 1 is obtained by plotting the values of »=g[J+1]"”? the 


1 J. H. Van Vleck and A. Frank, Phys. Rev. 34, 1494, 1625 (1929). 
2? F. Hund, Zeits. f. Physik 33, 855 (1925). 
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Bohr magneton number. The vertical lines show the range, obtained by vari- 
ous experimenters, of the effective Bohr magneton numbers at room tem- 
perature, defined as 


Mets = (3RkTx/ NB*)'? ‘ (2) 


by analogy to Langevin’s formula. As Curie’s law does not always hold, pers is 
not always independent of temperature and this comparison of theoretical 
and experimental values of wer; is merely a convenient way of comparing the 
susceptibilities at a given temperature. The dotted line shows the theoretical 
Values of were at room temperature when allowance is made for the finite 
width of the multiplets and the second order Zeeman terms. These differ ma- 
terially from the values of Hund in Sm and Eu, the values being raised from 
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Fig. 1. 
0.83 to 1.65 in the former and from 0.00 to 3.51 in the latter, the higher 
values agreeing with experiment. 


In the cases of Sm and Eu, then, it is necessary to use the complete ex- 
pression for the susceptibility 


VY} [ete +1) 3kT] + a(J)} (27 + We-W5/ 
J | 








(3) 


= DI + West 
J 


Here a(J/) is given’ by ' 
B* f(J) JV + 1) 
ann fp (4) 
6(2) + 1)h Lv, ated VI+1;J 


fJ) =J[(S +L 4+ 1)? -— J?) [72 — (S — L)? 
3 J. H. Van Vleck, Phys. Rev. 31, 587 (1928). 


where 
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The first bracket of (3) differs from the expression (1) given by Hund in 
that multiplet widths are no longer assumed infinite so that it becomes ne- 
cessary to sum* over all values of J. The portion of (3) involving a(J/), usually 
omitted, arises from the fact that the energy expression W,°+g8.MH is not 
always adequate. Instead the energy should be expanded to terms of the 
second order in the field strength,® in cases where the frequency intervals 
vy1.y and vy41.7 Occurring in the denominator of (4) are at all comparable 
with kT /h. 

Fig. 2 is given to emphasize again the reason why a(J/) is so important in 
Sm and Eu. These diagrams, giving the relative separation of components 
with different values of J, show that the interval between two consecutive 
components may be comparable with kT even though the overall-multiplet 
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Fig. 2. 


width is much larger. For instance with the Landé rule® (Wy, 1— Wy°) «(J +1) 
which is assumed in Fig. 2 for the relative multiplet separations, the lowest 
interval in Sm is 7/55 and in Eu 1/21 of the overall multiplet widths, in con- 
trast with the fractions 5/11 and 6/21 in Pr and Tb respectively. The latter is 
included to show why the effect of a(J/) is negligible in the last half of the 
rare earth group. Here the interval between the states Jj, and Jmin+1 is 
small but the multiplets are inverted so that J,,i, gives the state of highest 


4 Laporte took into account finite multiplet widths in his values for the susceptibilities in 
the iron group. In this case, however, taking into account finite multiplet widths and second 
order Zeeman terms improves the agreement with experiment for a few elements but there still 
remains a considerable difference not yet explained, especially in the last half of the iron group. 
Cf. O. Laporte, Zeits. f. Physik 47, 761 (1928). 

5 This second order term represents an incipient Paschen-Back effect and was calculated 
in the old quantum theory by A. Landé, Zeits. f. Physik 30, 329 (1924); and in the new quantum 
mechanics by E. Hill and J. H. Van Vleck, Phys. Rev. 31, 715 (1928). 
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energy and that level is virtually unoccupied. The situation in which there 
may be a small interval between consecutive components arises when the 
multiplicity (25+1) is large but Jmin (= |L—S|) is small. This is the case 
with Sm and Eu, whose multiplet types, according to the Hund theory, are 
‘JI and *F. Then it becomes necessary to include not only the contribution of 
atoms not in the lowest state, but also the second order Zeeman terms, since 
the denominators vy_1,7, ¥y41.7 are sufficiently small to make a(J/) appreciable. 

In computing the above separations quantitatively, the over-all multiplet 
width is obtained from Goudsmit’s theory for the multiplet separation for 
equivalent electrons.® This gives 


"9 


apr 2 
Wimax — Wimin = n=") (Z — o)(2L + 1)/n3(l + 1)(27 + 1). 
Where R is the Rydberg constant, 7 =4 and /=3 in the rare earth group, L is 
the resultant of all the /’s, anda is the screening constant. The screening con- 
stant for the rare earths is not obtained directly but is estimated from x-ray 
data for heavier atoms. In the previous work, Laporte’s use of ¢ = 34 was fol- 
lowed. Wentzel’ gives o = 34+4 and Coster,’ 33. In the present paper, the 
value assigned tog has been adjusted to make the theoretical susceptibilities 

agree as closely as possible with experimental data. 


TEMPERATURE VARIATION OF THE SUSCEPTIBILITY OF Sm 


Table I gives the value of the effective Bohr magneton number for Sm at 


TABLE I. Effective Bohr magneton numbers for Sm. 








were (Theory) Mert (Experiment) 
T°K a =33 o=34 Williams? Freed!° Cabrera & Duperier™ 
(oxide) (hyd. sul.) (oxide) (anh. sul.) 
0 0.85 0.85 
20 0.91 0.92 
74 1.06 1.09 0.91 
85 1.09 1.12 0.96 
112 1.16 1.20 1.08 
123 1.18 1.23 1.08 
170 1.29 1.35 1.26 
205 1.37 1.43 1.35 
240 1.44 1.52 1.44 
293 1.55 1.65 1.58 1.57 1.50 1.58 
375 1.73 1.85 1.77 1.69 
400 1.78 1.91 1.75 
500 2.00 2.35 1.97 
543 2.09 eae 2.14 2.06 
600 2.20 2.38 2.17 
800 2.58 2.78 
1000 2.91 3.14 











6 See e.g. Laporte, Handbuch der Astrophysik 3, 634 ff. esp. Eqs. (50), (56). 

7G, Wentzel, Zeits. f. Physik 33, 849 (1925). 

8 D. Coster, in Miiller-Poulliets’ Handbuch der Physik, ii, 2057. 

® E. H. Williams, Phys. Rev. 12, 158 (1918); 14, 348 (1919). 

10S, Freed, J. Amer. Chem. Soc. 52, 2702 (1930). 

1 These results are as yet unpublished but were kindly communicated to us by Professor 
Cabrera. Results of previous experiments of Cabrera and Duperier may be found in Comptes 
Rendus 188, 1640 (1929). 
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various temperatures, using for the screening constant both 33 and 34, where 
wert is given by (2) and x by (3). Assuming the Landé interval rule, this takes 
the following explicit form in Sm 





0.1241 [pte eee ve | 
Xmol > 


xT 3+ de-72 + Ser 4 Ge-272 4+... 


where x is 1/55 of the ratio of the overall multiplet width (expressed in ergs) 
to kT. If we take o = 34, then x = 191/T whereas with o = 33, x = 220/T. 
Figure 3 shows directly the variation of the susceptibility with tempera- 
ture. All of the experimental values given have been corrected for the dia- 
magnetism of the cation but not for that of the anion since the latter is not 
known. The effect would be to raise the experimental points slightly.” 
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Table I and Fig. 3 show that better agreement with experiment is 
achieved when 33 is taken as the screening constant. Moreover, the agree- 
ment is as good as one may expect considering the differences of the experi- 
mentally determined susceptibilities among themselves and considering the 
fact that these determinations were made on solid compounds rather than 
upon the elements in the ideal gas state to which the theory applies. One may 
expect the oxide to deviate from theory even more than the sulphate, since 


22 W. Sucksmith recognized the importance of the second order Zeeman terms and made 
a qualitative comparison of the theoretical susceptibilities with Cabrera’s measurements on 
Sm and Eu. Proc. Lond. Phys. Soc. 42, 388 (1930). 

13 This diamagnetic correction has been estimated at about 30 X10~* using the method of 
obtaining screening constants given by L. Pauling, Proc. Roy. Soc. 114A, 181 (1927) or J. C. 
Slater, Phys. Rev. 36, 57 (1930). 
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the former is a firmer chemical combination. Freed’s values at low tempera- 
tures show a departure from the theoretical curve, due no doubt to distortion 
by interatomic forces in the solid. In applying the theoretical expression for 
the susceptibility in gases to liquids or solids, the results are reliable only if 
“the work required to turn over an ion against interatomic forces is assumed 
small compared with k7”." This assumption is no longer valid at the low 
temperatures used by Freed. 

Although at low temperatures, the susceptibility of Sm decreases quite 
rapidly with an increase in temperature, a minimum is soon reached and the 
susceptibility increases very slowly with further increase in temperature. 
This minimum is located at about Ty,j,=0.0628 (Z—¢@)* which gives 7 
= 386°K with o =34 and 444°K with o=33. If one could determine experi- 
mentally a more accurate value for the temperature at which this minimum 
occurs, the screening constant could be determined more accurately, but this 
would be difficult since the curve is so very flat in the region of the minimum. 
Such a minimum has been observed experimentally, however, by Cabrera 
and Duperier between about 350°K and 425°K in their recent work on SmeQs3. 
Williams also gives a lower value for the susceptibility at 375°IX than at 
543°K and 293°K although the difference is so small that he has interpreted 
his data as giving a value of the susceptibility of Sm which is independent of 
the temperature throughout that range. 

This behavior in Sm is a decided departure from the usual Curie law in 
which the susceptibility continues to decrease with increasing temperature. 


The Curie value for the temperature coefficient (x~'dx /dT) at room tempera- 
ture is 1/293 whereas the theoretical values are 1/2525 for o = 34 and 1/1517 
for ¢=33. The abnormally low value for the temperature coefficient is con- 
firmed experimentally by the measurements of Williams (1/1600), Zernicke 
and James” (1/1700) and Freed (about 1/1600). Here again better agree- 
ment is obtained when the smaller value of the screening constant is used. 


Comparison of theory and experiment then, indicates that the screening 
constant for Sm is apparently more nearly equal to 33 than to 34. Certainly 
values of the susceptibility using 7 less than 32 or greater than 34.5 would de- 
finitely disagree with experimental results. Thus this comparison of theoreti- 
cal and experimental magnetic data fixes the screening constant with less un- 
certainty than do the present spectroscopic estimates. Exception may be 
taken to this conclusion because Russell-Saunders coupling is used through- 
out as the basis for the g-factor and the multiplet separations, whereas it is 
quite probable that there is an appreciable departure from this type of coup- 
ling even for the lowest levels in elements of so high an atomic number. This 
objection may be partially met by considering o as that screening constant 
which fixes the interval between the lowest two levels. It then becomes neces- 
sary to investigate the effect of the third level on the susceptibility. Reducing 
this level so that the second interval is only one half the value obtained when 


4 J. H. Van Vleck, Theory of Electric and Magnetic Susceptibilities, p. 193, or p. 254. 
% Zernicke and James, J. Amer. Chem. Soc. 48, 2827 (1926). 
(In press.) 
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Russell-Saunders coupling is assumed makes no appreciable change in the 
susceptibility at room temperature, but the effect increases very rapidly with 
increasing temperature so that such a large change in this interval changes 
the shape of the curve. This would give a minimum at too low a temperature 
and then a rapid increase in x at higher temperatures, whereas experimental 
results indicate a very slow increase in x beyond the minimum. Thus the 
magnetic data not only fix the interval between the lowest two levels but also 
indicate that, when the lowest interval is thus fixed, the interval rule for 
Russell-Saunders coupling gives an approximately good value for the third 
level. 


COMPARISON OF THE ABOVE RESULTs IN Sm WITH 
CORRESPONDING CALCULATIONS FOR Eu 


Sm shows an unusual behavior in the variation of susceptibility with tem- 
perature because, as the temperature increases, the increasing concentration 
of ions in states with large J tends to compensate for the T in the denomina- 
tor of the first bracket of Eq. (3). This is not true in Eu since, for the lowest 
state (J =0), the contribution of the second order terms is so great that in- 
creasing the concentration of ions in states of higher J is of less relative im- 
portance. For Eu, the temperature coefficient is nearer the Curie value, 
(1/293), the computed values being 1/525 and 1/542 for ¢=34 and 33 re- 
spectively. Cabrera and Duperier give 1/500 for Eug(SO,4)3 and 1/522 for 
EueQs. 

The rest of the rare earths conform very closely to the Curie law in which 
the temperature coefficient is 1/7. For example the computed value for Nd 
at room temperature when o = 34 is used is 1/304. Neither the second order 
term nor the change in screening constant to ¢=33 has much effect here on 
the temperature coefficient. Changing the screening constant changes the 
temperature coefficient to 1/301 while the omission of the second order term 
vields 1/294. The ‘departure of the other rare earths from the Curie law is 
still less. 


TABLE II. Effective Bohr magneton numbers for Eu. 
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Table II and Fig. 4 show the effective Bohr magneton number and sus- 
ceptibility of Eu as functions of temperature computed from the following 
expression obtained from (3). 
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where y = 365/7 with o = 34 and 418/T with ¢ =33. 

Since we may expect the experimental data on sulphates to be more nearly in 
accord with the theory for gases, it is seen that probably 34 is a better esti- 
mate of the screening constant than 33. For Sm, on the other hand, values of 
the susceptibilities and the temperature coefficients agree better with ex- 
periment when 33 is assigned as the screening constant (although Cabrera 
gives as the temperature at which the minimum occurs in SmsQ 3 a value 
more in agreement with that obtained with ¢ = 34). However, the screening 
constant increases with atomic number and may well be a little (perhaps 0.3) 
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higher in Eu than in Sm. Whatever doubt there may be as to which of these 
two values is more nearly correct, it is quite clear that in Eu as well as in Sm, 
o =32 or ¢=35 would not fit the experimental data at all despite the fact 
that they come within the range 34+4 allowed by the uncertainty in the 
estimates from x-ray data. 


TEMPERATURE VARIATION OF THE GYROMAGNETIC RATIO IN Sm AND Eu 


In order that a body be magnetized, angular momentum must be given to 
its atoms. This angular momentum A is supplied by the body as a whole, 
which consequently rotates with the angular momentum—A\ if it was at rest 
before the field was applied (Einstein, Richardson, de Haas effect). The angu- 
lar momentum supplied by the external field J7 itself is negligible as it is only a 
small fraction of the total angular momentum (of the order of magnitude of 
the diamagnetic correction to the paramagnetic susceptibility). Table III 


16 J. H. Van Vleck, (reference 14) p. 255 ff. 
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TABLE III. Theoretical values of the gyromagnetic ratios in Sm and Eu. 





Sm Eu 
T°k @X2mc/e T°K 0X 2mc/e 
4 d 





0 .28 i 100 
20 ae * me 200 
74 47 45 293 

123 .602 e. 400 
170 
205 
240 
293 
375 
500 
600 
800 








gives the theoretical values of the gyromagnetic ratio 9; i.e., the ratio of the 
magnetic moment x// to the angular momentum. This ratio can be shown to 
be the same as the ratio /7/Q in the converse experiment of magnetization by 
rotation” (Barnett effect) where J/ is the magnetic field which would pro- 
duce the same magnetization as rotation of the solid with an angular velocity 
Q. 

The expression for the total angular momentum per cubic centimeter 
needed by the atoms to produce the magnetic moment is 


A= ps = EW yk) Se Weyl tr 
JM £7 JM 
where \/h/27 is the free atom’s angular momentum in the direction of the 
field. Here it is unnecessary to include second order terms since the angular 
momentum is only very slightly perturbed by the field.!” This expression can 
be simplified by substituting Wy = W,°+ Mg, 6H, expanding the exponentials, 
and summing over 1/7, which ranges from —J to +J. Thus 


Mh . 
> —eWs*T(1 — MgsBH + ---) 


sMm_2t 


YeWs/T(1 — MBH +---) 


JM 





+J +J 
> M =O0and DOM? = WV 4+ 127 + 1) 
ee —J 
so that, by using Eqs. (3) and (5), the complete expression for the gyromag- 
netic ratio becomes 


i ¢ Digs VJ +1) + 3kTa(J)/p2} (27 + 1)e-Wa!*7 
x J 
=~ )6|6ha prey ° nei, (6) 


A 2mc YgJII + 1)(2J + 1l)e WA IRT 
J 





17 The component of angular momentum in the direction of the field is a constant of the 
motion unperturbed by the field except for a small diamagnetic correction. See reference 16. 
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Eq. (6) reduces under the assumption of infinite multiplet widths to the 
usual expression @ = eg,/2mc for the gyromagnetic ratio. In the case of Sm and 
Eu, however, @ is a function of 7 because we must add the contribution of 
atoms not in the lowest state, and because the terms involving a(J/) are so im- 
portant in their contribution to the magnetic moment. For example in Sm at 
room temperature, 6X 2mc/e is 0.323 with o = 34 and 0.305 with ¢ = 33 when 
the second order terms are neglected, while the table shows the much higher 
values, 1.026 and 0.937 at this temperature. These second order terms are 
particularly important in Eu for without them, the gyromagnetic ratio is in- 
dependent of temperature, inasmuch as here gy is independent of J. This situa- 
tion arises in Eu since S=ZL so that the g-factor reduces to 3/2 (J#0). Thus 
from (6) it is clear that @=gye/2me or 1.5 e/2mc when the second order terms 
are omitted. When the second order terms are included, there is a decided 
change in 6 with temperature. Unfortunately there are no precise experi- 
mental data available as yet although Sucksmith,'’ in a preliminary report 
on this very difficult experimental work which he is undertaking, indicates 
that the results at room temperatures favor the values found in the table, 
rather than 1.5e/2mc. The great importance of the second order terms in Eu 
is particularly evident here since the gyromagnetic ratio decreases with in- 
creasing temperature, in striking contrast to the behavior in Sm. The ex- 
planation for this difference is again to be found in the fact that in Sm, in- 
creasing the temperature increases the concentration of atoms into states of 
higher J and higher gy. Thus the numerator of (6) increases more rapidly 
than the denominator. In Eu, however, the term involving a(J) for the 
lowest state is so large that increasing the ions in states of higher J has less 
relative importance in the numerator than in the denominator where there 
are no a(J) terms. 

The gyromagnetic ratio for the rest of the rare earths is very nearly equal 
tO ZiminXe/2mc and is almost independent of temperature. For instance, 
Zsmin for Nd is 0.73. The gyromagnetic ratio ranges from 0.73e/2mc at O°K to 
0).79e/2mc at 600°K, with no appreciable difference whether a is taken as 33 or 
34. There is even less dependence on temperature for the rest of the rare 
earths. 


TEMPERATURE VARIATION OF THE HEAT CAPACITY IN Sm AND Eu 


The contribution of the multiplet levels to the heat capacity of Sm and 
Eu, assuming the ideal gas state, is given by the expression 


Les + wilt 


ey - 1)e-™, 
J 


Table IV shows the variation of C with temperature for Sm and Eu, again as- 
suming the Landé interval rule in obtaining W,. This calculation illustrates 
again the difference between Sm and Eu, and the rest of the rare earth group. 


18 W. Sucksmith, Paper delivered at the British Association (1930). 





MAGNETIC SUSCEPTIBILITIES 


TABLE IV. 








Sm Eu 

C (cal./mol.) T°K C (cal./mol.) 
a =33 34 a =33 
0 . 0.00 i 0.00 
170 F 0.03 
205 ‘ 0.08 
240 . 0.18 
293 a 0.38 
400 cf 0.83 
500 “a 1.16 
600 my 1.38 
800 mE 1.64 
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In the other rare earths, all levels except the lowest are virtually unoccupied 
since W,>kT. Fig. 2 shows that Wy is comparable with RT in Sm and Eu, 
especially for the lowest interval. Thus a change in temperature gives an ap- 
preciable change in the number of ions which occupy states other than that 
for which J is a minimum and hence a change in total energy. Eu shows a 
more rapid change in C than Sm for low temperatures, since the first interval 
is so much smaller that the total energy is even more sensitive to a change in 
temperature. Thus. whereas the values given for C in Table IV increases 
somewhat with temperature for Sm, for Eu it shows a much more rapid rate 
of increase for low temperatures, but reaches a maximum at room tempera- 
ture or less. 

I am very grateful to Professor J. H. Van Vleck, under whose direction 


these computations were made. 
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ABSTRACT 


The fission theory of binary star systems is reexamined and important objections 
to it are removed. The presence of a magnetic field in the atmosphere of a rotationally 
unstable star prevents loss of momentum through the loss of atmosphere at the star's 
equator. By interaction with the atmospheric electric and magnetic fields, the ions are 
constrained to move systematically in the direction of rotation and add angular momen- 
tum to the star proper. Eventually the star divides, and whereas the parent star was 
radially symmetrical the resulting components are highly asymmetrical and one-half of 
the star is at a much higher mean temperature than the other half. Tidal couples orient 
the components just after fission so that the newly exposed faces are oriented inward 
but are displaced through a small angle. The comparatively high temperatures of the 
hot faces cause the star to lose mass asymmetrically by radiation or by loss of at mos- 
phere. The lost mass carries off momentum and the reacting forces add both angular 
momentum and kinetic energy to the massive components; the mechanism being 
analogous to that of a skyrocket or a pin wheel. When the excess mass lost from the 
hot face of the components amounts to roughly one five thousandth of the total mass, 
the added kinetic energy is sufficient to account for the evolution of any type of binary 
system and for the remarkable differences noted by Sears in his study of the kinetic 
energies of various types of stars. The relation of such a mechanism to Novae and 
Cepheid variables is considered. The introduction of reacting forces due to the asym- 
metrical loss of momentum removes the serious objections that heretofore faces the 
fission theory and it now seems probable that almost all stars have become rotationally 
unstable and divided sometime during their life. The magnitude of the radiation re- 
action forces makes it seem probable that many companion stars have been separated 
to infinity and that our sun is one star of such a pair. This conclusion has led to a new 
and more satisfactory theory of the origin of the solar system. 


BSERVATIONAL astronomy shows that at least one star out of four 

has associated with it a companion star of comparable mass. The chance 
of capture of one star by another seems far too small to account for the prev- 
alence of star pairs and it seems necessary to assume that the pairs occur 
either as a result of condensation on two independent nuclei or that they 
originate by fission. The fission theory, developed by Poincaré, Darwin, Rus- 
sell and others, suggests that a star becomes unstable as a result of rapid axial 
rotation and eventually breaks up into two components of nearly equal mass. 
The theory together with tidal evolution accounts fairly well in its present 
form for the occurrence and evolution of close binary systems but seems en- 
tirely inadequate to account for the visual pairs. While the detailed calcula- 
tions of the stability of a rapidly rotating liquid star by Darwin yield con- 
siderable information regarding the mass ratios of the components, the fig- 
ures of equilibrium, etc., they fail to describe the process of fission because 
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during this most interesting interval the equilibrium is essentially unstable 
and events proceed cataclysmally. The qualitative picture presented by the 
fission theory seems, however, essentially correct.'! In the present paper we 
draw attention to certain additional physical processes which take place im- 
mediately after fission and show that the presence of these processes will 
enable us to account for the observed properties of all types of binary star 
systems. 

The fission theory requires that a parent star shall rotate so rapidly on 
its axis that it becomes unstable. It was originally thought that this rapid 
rotation resulted from the original angular momentum of the parent nebula 
and that condensation of a star was sufficient to account for its presence. 
Moulton? has objected to this interpretation and shown that such a hypothe- 
sis leads to an improbably large ratio for the initial and final densities. His 
contention is further supported by Jeans* who has shown that a rotating and 
evolving star radiates angular momentum as well as mass. In a recent paper* 
we showed that the contraction hypothesis was not a necessary one and that 
sufficient angular momentum could be added to a star in the course of stellar 
time by purely electromagnetic means to make the star rotationally unstable. 
Another objection closely related to the foregoing has been raised by Cham- 
berlin® who suggested that a rapidly spinning star will lose its atmosphere at 
the equator and that the lost particles will carry off angular momentum in 
such a manner as to stabilize it. This objection need no longer be considered, 
for these stars are observed not to lose their atmospheres! and we have shown 
that their retention is due to the presence of the star’s magnetic field.‘ 

A very serious limitation of the fission theory was discussed by Jeans* who 
showed that unless the mass ratio of the two components was less than three- 
tenths, the angular momentum of the critical Jacobian ellipsoidal configura- 
tion of the parent star was insufficient to separate the two resulting compon- 
ents to regions where they could be in stable equilibrium. That is to say, if 
the mass ratio of the two components is near unity (as is indicated by both ob- 
servation and Darwin’s calculations) each component will be inside the Roche 
limit of the other and hence it will disintegrate as a result of tidal and centri- 
fugal forces. Such disintegration is not observed, and we are required to 
believe either that binary star systems are born with a low mass ratio and by 
unequal radiation of mass evolve into pairs of nearly equal mass, or that the 
fission theory is incomplete. Many actual cases are known, however, in which 
the mass ratios do approach unity, yet those systems must be so youthful 
that loss of mass by radiation could not be important. For this class of star 
pairs as well as for visual binaries the fission theory, in its present form at 
least, is inadequate. 

Jeans’ has already worked out the effect of radiation of mass on the orbits 
of the components and shown that a spectroscopic binary cannot well evolve 


1H. N. Russell, Astrophys. J. 31, 185 (1910). 

2 F. R. Moulton, Tidal and Other Problems, Carnegie Inst. Publication 107, 79 (1909). 
3 Jeans, Astronomy and Cosmogony, Cambridge Press (1928). 

4 R. Gunn, Phys. Rev. 37, 1129 (1931); 37, 1573 (1931); 38, 1052 (1931). 

5 Chamberlin, Carnegie Inst. Pub. 107, 169 (1909). 
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into a visual pair by this simple means. Jeans’ treatment has been criticised 
by Brown® who gave a substitute derivation yielding a different answer. 
Jeans’ defended his treatment, and his result is in agreement with that ob- 
tained by the present author who employed the principle of adiabatic invari- 
ance in a modified form. The principle of adiabatic invariance, one of the 
fundamental principles of modern physics, seems well founded on observa- 
tion and was developed to handle just the type of problem presented by the 
changing orbit of two stars which constantly radiate mass. The principle 
states that the mean value of the action integrated over a complete period is 
invariant. This form of the principle is incorrect if the mass varies, and in the 
degenerate case it is easy to see that the kinetic energy of a particle moving in 
a straight line and whose mass is changing cannot be conserved unless exter- 
nal forces act. A form of the principle, broader in application than the usual 
one and directly applicable to our problem, is 


r Exin 
dt = constant (1) 
0 





where Exjn is the kinetic energy of the system and ./ the mass function; and 
the integration is carried out over a complete period 7. It does not appear 
necessary to carry out the complete calculation of our problem here for it 
leads directly to Jeans’ result. The eccentricity of the orbits are unchanged 
as the masses dissolve into radiation, the major axis increases, varying as 
(17+ M)-! and the period of the orbit increases, varying as (7+ 1/)-*. Thus, 
radiation of mass cannot help account for the observed differences in the or- 
bits of binary stars and we must continue our search for other important me- 
chanisms. 

In case a star is gaseous instead of liquid it might appear that its expan- 
sion during the process of division would add considerable mechanical en- 
ergy to the component stars and perhaps permit the stars to recede to posi- 
tions of stability outside the Roche limit. By Poincaré’s theorem the change 
in the internal thermal energies can be estimated, and it turns out that the 
energy converted is but a fraction of the original kinetic energy and ‘s thus 
inadequate to account for the major observed discrepancies. 

In light of the foregoing theoretical difficulties and available observa- 
tional data it seems necessary either to abandon the fission theory entirely or 
to complete it by adding a physical mechanism capable of adding enough 
momentum and energy to the star to account for the observed mass ratio and 
orbits. In the following paragraphs a new mechanism is considered which 
seems quite adequate and is perhaps not unreasonable. 


RELATION OF ROTATIONAL EVOLUTION TO A STAR’S MAGNETIC FIELD 


We have seen in a series of earlier papers that most dwarf stars probably 
possess magnetic and electric fields and that these fields accounted well for 
many puzzling characteristics and properties of stellar atmospheres. It has 


6 E. W. Brown, Proc. Nat. Acad. 11, 274 (1925). 
7 J. Jeans, Monthly Notices 85, 904 (1924). 
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been shown that these fields impose systematic high velocity electromagnetic 
winds on the ions making up the stars atmosphere and that these winds trans- 
fer angular momentum to the star proper.‘ The calculations indicate that in 
the course of stellar time the angular momentum so communicated is ample 
to make the star rotationally unstable and it can break up. However, if the 
star could lose its atmosphere at the equator in the manner contemplated by 
Laplace in his nebular hypotheses, momentum would be lost at the equator 
as fast as it could be supplied, and the star could never quite accumulate an- 
gular momentum enough actually to divide. In a magnetized star this loss 
at the equator is never important because the magnetic field entraps the at- 
mospheric ions‘ and to all intents and purposes the star behaves much as if 
it were liquid. Darwin’s calculations therefore apply, in a degree at least, to 
a wholly gaseous star, but only if that star possesses a magnetic field. Thus 
a star’s magnetic field is of paramount importance in bringing that star into 
such a condition that it can divide and form two companion stars. Because 
there is no clear-cut evidence that the interior of a star is other than effec- 
tively liquid, in the following we continue this usual assumption. 


TIDAL EFFECTS 


With the exception, perhaps, of tidal disintegration inside the Roche 
limit, the most important effect of tides on a rotating and evolving body is 
their ability to develop a torque about the axis of spin. These tidal couples 
play a major role in the transfer of angular momentum of axial rotation to 
that of orbital revolution in a recently divided star. 

The magnitude of the angular acceleration due to tidal couples is readily 
evaluated if the two bodies are not too close. For example, Jeffries’ shows that 
a uniform spinning sphere of density p,, radius a and mass m changes its 
angular velocity 2 at a rate given by 


dQ 18rype (M\*/a\°. 
-— ss =) sin 26 (2) 
dt 5 m R 


where J/ is the mass of the tide generating body, R the separation of the two 
bodies, y the gravitational constant and 6 the angle of phase lag due to tides. 
Strictly the expression applies only to well separated bodies but calculations 
show that it applies roughly, even when the bodies are close, if the coefficient 
is modified somewhat and if 1/R® is replaced by R?/(R?—a’)*. Thus when R 
becomes comparable to a the tides and tidal couples become tremendous. Un- 
fortunately the angle 6 cannot be estimated precisely by known methods; but 
it evidently increases in an unknown manner with increasing ratio of the 
relaxation time of the body to the tidal period. It is readily shown that the 
relaxation time is given very approximately by 


3m \1/2 
T= ( ) = 0.325r, (3) 
27 Pe 


§ Harold Jeffreys. The Earth, Cambridge’ Press. 
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and is thus comparable to 7. the period of rotation of the body when it is 
ready to break up rotationally. In the case of the earth r= 3000 seconds and 
is small compared to the period of the earth’s rotation. Thus in agreement 
with observation, the angle 6 due to body deformation by the moon is very 
small. If, however, the period of rotation of the body should approach its 
critically unstable period the angle 6 becomes quite large and tidal couples be- 
come large. 

Two component stars immediately after fission are oriented in the man- 
ner shown in Fig. 1 and because they are each inside the other’s Roche limit 
the tidal forces are tremendous. Precise calculations of the tidal couples are 
difficult, but the periods of rotation of the two component stars are initially 
close to their unstable value so that 6 will be moderately large and rough 





Fig. 1. 


calculations show that if the angle 6 amounts to as much as a few degrees, the 
tidal couples are sufficient to cause the two components to separate to the Roche 
limit at least; with their internal faces always oriented nearly as shown. Thus if 
the two components are of comparable size the process of fission is essentially 
a stabilizing mechanism. Tidal couples convert the axial rotation almost com- 
pletely into orbital revolution and therefore there is no immediate tendency 
for the components to break up again. Electromagnetic mechanisms are prob- 
ably operative in the components and these add angular momentum until, if 
the star is energetic enough, it breaks up again some 10" years later. While 
the axial momentum is being transferred to momentum of revolution the 
value of 6 is necessarily positive but after the transfer is complete it may 
change sign and even become periodic; however, by this time the initial evolu- 
tion will be complete and we are no longer concerned with the mechanism. 


REACTION EFFECTS DUE TO TEMPERATURE ASYMMETRY 


According to Darwin’s calculations a rotationally unstable liquid star 
breaks up into two sections of substantially equal mass. The parent star is 
radially symmetrical but the components must necessarily be unsymmetri- 
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cal, for the hemisphere of each component, born from deep inside the parent 
star will be at a far higher mean temperature than the hemisphere born from 
the surface layers. The asymmetry is especially pronounced at the surface 
for one face of a component star is hardly disturbed by the cataclysm while 
the other, orginally deep in the interior of the parent star, suddenly becomes 
the surface. That the initial surface temperature of the inner face must be 
very high follows at once from the fact that the act of fission is cataclysmic. 
Thus the change is adiabatic and it seems legitimate to assume in our calcu- 
lations that the initial temperatures of the inner faces are at an appreciable 
fraction of the original central temperature of the parent star. Obviously 
these surface temperatures are not maintained for long because radiation 
carries off the energy very rapidly as soon as the hot face is exposed to free 
space. On the other hand, a comparatively small fractional drop in the sur- 
face temperature of a hot face will set up large internal temperature gradients 
and energy will be rapidly transmitted to the surface either by radiation or by 
conduction. If the temperatures are unexpectedly high the process could, per- 
haps, be more accurately described by saying that the exposure of the hot 
face will give rise to a “radiation explosion” which is dynamically equivalent 
to the comparatively slow processes we use in the following calculations. 

The asymmetrical loss of matter by radiation or by gaseous ions produces 
a reacting force on the star proper, and the reacting momentum is precisely 
equal and opposite to that carried away by radiation or by the lost atmos- 
phere. Thus a recently divided component star with one face much hotter 
than the other behaves in a manner analogous to a skyrocket, and if there are 
two stars rotating about their center of mass and if the angle 6 (see Fig. 1) is 
different from zero, the pair behaves like a pinwheel. When the hot face is at 
a sufficiently high temperature the mechanism has a profound and immediate 
effect on the orbit of the pair and may even operate to separate them to in- 
finity. If the thermal asymmetry is not particularly pronounced the pheno- 
mena, of course, proceed at a slower rate but in the course of stellar time the 
asymmetrical loss of mass may greatly modify the original orbit. 

A dividing star may lose momentum asymmetrically by the loss of its at- 
mosphere. This loss will take place instantly when the thermal energy of the 
particles approaches that of the negative gravitational energy of the particle. 
The critical temperature corresponding to this condition is given by 


2yMm 
T,=—— (4) 
3kR 


where y is the gravitational constant, M the mass of the star, R its radius, k 
the Boltzmann constant and m, the mass of the atmospheric particle. We 
have seen in an earlier paper that a star ordinarily does not lose its atmos- 
phere because the star’s magnetic field entraps the ions. Whether this mech- 
anism is still operative in a star that has just divided cannot be stated, for 
one can only guess what actually happens to the magnetic field of a star on 
division. Experiments on superconductivity suggest that the magnetic field 
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may be maintained while other evidence® indicates that the magnetic field 
may be greatly reduced. Because of the high energies of the ions their curva- 
ture by a magnetic field is less than that at the surface of an ordinary star 
and it seems quite reasonable to expect a slight loss of atmosphere to result 
even if the star is magnetized. In Fig. 1 we assume that the lost ions on the 
average leave the stars in the direction Qc and Pb which are axes of thermal 
symmetry. If A.1/; is the total loss of ponderable mass, « the mean thermal 
velocity of escape, AV the change in velocity of the star proper and .\/ the 
mass of the star, we will have by aid of the principle of the conservation of 
momentum that 
AM; AV 


M fu 
where « may be calculated from the mean value of 
u = (3kT/m,)!/? (6) 


and f is a numerical factor somewhat less than unity whose value depends on 
the mean direction of emission of the mass elements with respect to the axis 
of thermal symmetry. 


RADIATION REACTION FORCES AND COUPLES 


Perhaps the most important effects arise from the asymmetrical loss of 
mass by radiation. A star will lose radiation as long as it is a star irrespective 
of any local condition, such as a magnetic field, and a deep seated thermal 
asymmetry guarantees that the loss of mass by radiation will be asymmetrical 
whether the process is rapid or slow. 

Momentum considerations lead immediately to 


AM, AV ; 
= — (4 ) 


M fe 


where c is the velocity of light. The relation is perhaps more useful in its differ- 
ential form 
dM — Ma | 
— = ——— (8) 
dt fe 
where a is the reaction acceleration of the mass ./. Now the rate at which the 
energy FE is radiated is 


(9) 


(10) 


where F is the reacting force on the star, A the effective radiating area, o the 
constant in Stefan’s law, and T the effective surface temperature. 


9 R. Gunn, Phys. Rev. 34, 335, 1621 (1929). 





















EVOLUTION OF A ROTATIONALLY UNSTABLE STAR 137 





In the case of a star pair we may write down entirely simi ar expressions 
for the angu'ar momentum M and torque T. If the two stars of the pair are 
separated by a distance /;+/, and the distance from the center of gravity of 
each star to the center of the gravity of the system is /; and /, respectively, 
(see Fig. 1) we have that 


dM o : , 
“dt =T= —[fidiT ih sin 6; + feAeTo'le sin 5. | (11) 
¢ c 


and the final total angular momentum of the system is 
~ dM 
M = M, a f — dt (12) 
0 dt 


where M, is the initial angular momentum. This quantity can be evaluated 
precisely when /, 7 and 6 are specified as functions of the time. We can make 
estimates of the magnitudes of the forces and torques acting with sufficient 
precision to test the ideas here proposed if we assume that the quantities are 
constant over a relatively short period of time. 

Very little really satisfactory information is available regarding the inter- 
nal temperatures of stars and the estimates of the central temperature vary 
from 10" degrees down to 4X10" degrees. The freshly exposed surface that 
has just emerged from the depths of the parent star may reasonably be as- 
sumed to be at a temperature of 4X 107 degrees; it could well be much higher 
or even lower. We assume further that the component stars in size, mass and 
structure are not unlike the sun. The radiation from the cool side may be 
neglected in comparison to the hot face and we calculate the acceleration of 
the star by aid of Eq. (10) taking T=4 X10" degrees, o = 5.71 107°, A =1.5 
x 10°%%em?, f = 0.63 and AJ = 2X 10%. We find that the acceleration of the com- 
ponent star amounts to 232 cm/sec.” and represents an unbalanced accelera- 
tion since the original centrifugal and gravitational forces are precisely 
balanced. Even if the star were initially at rest such an acceleration would dis- 
place it a distance of 9X10" cm or more than 10 solar radii in the course of a 
single day. The increase in angular momentum will also necessarily be large 
and the net result of the asymmetrical radiation process will be a cataclysmal 
increase in the kinetic energy of the system and its angular momentum. 

Even if our estimate o° the surface temperatures has been much too high 
the mechanism is still effective and the evolution instead of being cataclys- 
mic for the most part will be slow and persist throughout the life of the star. 
\ star radiates an appreciable fraction of its mass in some 10" years and it is 
clear that an initial deep seated thermal asymmetry of the star will guarantee 
that a small excess fraction of the total radiated mass will eventually be ra- 
diated from the hot side, even if the temperature differences between the hot 
and warm faces are relatively small, The internal temperatures are eventually 
equalized by radiation and conduction but this process will require some 10° 
years for the asymmetry to be reduced by half and at the same time the sur- 
face constantly cools off by radiation. For these reasons and evidence that 








138 ROSS GUNN 
the interior of a star is effectively liquid we believe that the evolution of a 
binary pair is largely cataclymic, but this is not a necessary conclusion. It is 
interesting to contemplate what would happen to a Milne model star if it 
broke up. The internal temperatures of this model approach 10" degrees and 
most of the internal mass is in the form of radiation. If one side of such a star 
was exposed to free space for a short time only, an appreciable fraction of the 
total mass of the star would certainly be lost and the reacting star, by Eq. 
(10), would shortly be shooting off through space at a velocity comparable 
to that of light! This, of course, is not observed and we must conclude that 
these stars do not break up by fission, do not have such excessively high tem- 
peratures or that the radiation from the surface so cools it that the radiation 
is almost immediately reduced to small values. Our calculations indicate that 
the asymmetrical loss of mass in a typical star seldom exceeds 1/10 percent 
of the total mass so that it is clear that powerful equilizing mechanisms are 
brought into play immediately after the star parts. If for some special rea- 
son a star breaks up so that the axis of symmetry of the reacting forces does 
not pass through the center of mass of the star the mechanism may produce 
axial rotation and destroy the organized kinetic energy and momentum im- 
parted to the system. We neglect this relatively improbable type of asymme- 
try in the present discussion. 


STELLAR EQUIPARTITION OF ENERGY 


In a classical paper, Sears'® has compiled statistical data on the masses 
and mean velocities of various classes of stars. His study shows that the mean 
kinetic energy for most types of stars is surprisingly close to a constant. How- 
ever, the B type stars, many of which abundant evidence show to be well on 
the way to rotational instability, are notably deficient in energy of motion and 
on the average have only one-half the mean kinetic energy of other type stars. 

The considerations of the foregoing paragraphs suggest that the type B 
stars are actually deficient, but the process of breakup releases energy by 
means of the reaction forces that we have considered and the mean kinetic 
energy of the resulting pair (which presumably evolves with great rapidity 
into a star of a later class) is actually greater than the original configuration. 

The kinetic energy W added to a star by radiation reaction forces by aid 


of Eq. (7) is 
fc? AM, 
W = AM, fcVo + —_— — (13) 
2 M 


where V9 is the initial velocity of the star. By using Sear’s numerical data it is 
found that the required kinetic energy will be added to a typical star if the 
star loses one five thousandth (0.02 percent) of its mass by radiation from one 
face. This amount of energy is evidently ample to change a close binary sys- 
tem to an open visual system or if the initial velocity has a moderate value, 
the parabolic velocity is exceeded and the component stars are separated to 
infinity. 


10 Sears, Astrophys. J. 55, 165 (1922). 
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Our interpretation of Sear’s statistical data suggests that the O and B 
type stars are the youthful members of our Universe and that the evolution 
toward the cooler types proceeds along both the main series and the giant 
branch. The matter deserves a closer inspection than can be given at the 
present time. 


ORBITAL DEVELOPMENT 


It should be evident from the foregoing calculations that the radiation 
reaction forces must play an important part in the evolution of the orbits of 
a binary pair that originated by fission. In the absence of the foregoing mech- 
anisms a star on division would form simply a very close spectroscopic 
binary of very low eccentricity, and if the mass ratios approached unity they 
probably would disintegrate. 

The fundamental equation describing the relative orbit of a binary sys- 
tem 1s 


— 2Eh? 
i-és —— (14) 
(M+ m)Mm 


where ¢€ is the eccentricity of the relative orbit, JJ and m the masses of the 
two components, /: the areal velocity, and E the energy of the system defined 
by 
_  —yMm a 
E= — (15) 
2a, 





in which a, is the semi-major axis. Logarithmic differentiation of Eq. (14) 
vields 


1 d(1 — é*) 2 dh 1 dE 


tng @ hd. E & 








(16) 


The radiation reaction forces necessarily add kinetic energy to the system 
and thus by Eq. (16), the eccentricity of the orbit increases. An increase in 
the areal velocity 4, on the other hand, which corresponds to the normal tidal 
angle 6, decreases the eccentricity. Thus, it appears that almost any shape or 
size of orbit can result from this process, for the relative values of the angular 
momentum and energy added by the mechanism will evidently depend on the 
magnitude of the angle 6 and on the relation of the instantaneous surface 
temperatures to the instantaneous positions of the component stars. Evi- 
dently either close or visual pairs can result from one and the same mecha- 
nism. Moreover, if the surface temperatures actually approach the values as- 
sumed it seems not only possible, but quite probable, that certain pairs born 
of an energetic parent will be completely separated and spend the remainder 
of their life as isolated stars. 


CURTAILED EVOLUTION AND CEPHEID VARIABLES 


In the foregoing we have assumed that the radiation or the atmosphere 
thrown off by the star receded to infinity. It seems probable that certain stars 
will break up and have such a surface temperature that an atmospheric atom 
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will have sufficient energy to get well away from the parent star but not 
enough to remove it to infinity, and the atom will describe gravitational or- 
bits about the pair of stars. Thus under some conditions we might expect a 
recently formed pair to be surrounded by a close fitting veil or high density 
nebula. The presence of the veil which may be thought of as completely sur- 
rounding the binary pair, acts in a degree at least, as an absorber and rera- 
diator of the radiant energy inside. Thus radiant energy from the hot surface 
no longer completely lost but a certain large fraction of it is returned and the 
radiation reaction forces are curtailed. Such a system will evolve into a true 
binary very slowly, the two components gradually separating while the pair 
rotates hot face to hot face with an outside protecting veil. 

Such a rotating close pair may be thought of as a Cepheid Variable ac- 
cording to Jeans* who has shown that such systems fit in well with the me- 
chanical properties of Cepheids. Jeans has apparently failed to note, however, 
that a surrounding radiating veil, light pressure and gravitational forces will 
account for the shape and phase relations of the luminosity-velocity curve, 
and will also account for the hitherto puzzling fact that the velocities of re- 
cession and approach are different for different elements. Reflection will show 
that the close binary pair at the center and the gravitational rotation of the 
veil will give rise to a rotation and a superposed radial pulsation having a per- 
iod of one-half that of the close pair. An atom in the veil, if it were at rest, 
would be exposed to the hot faces of the pair twice a revolution and at such 
times would be blown outward by radiation pressure, the maximum outward 
velocity corresponding closely (but slightly later) to the maximum density 
of radiation. On the removal of the high temperature radiation the particles 
fall inward under gravity. The return of the particles under gravitational 
forces can be thought of as a relatively slower process than the outward blast 
due to radiation pressure. Since the outward motion is dependent on radia- 
tion pressure the velocity of different elements would be expected to differ. 
Qualitatively this type of star is almost equivalent to Shapley’s pulsating 
model except that a definite mechanism is provided to account for the regu- 
lar variation of the radiated energy. 

NOVAE 

The division of an energetic star exposes high temperature surfaces with 
a consequent loss of radiation and momentum. Such a cataclysm will certain- 
ly produce observable effects of the type we usually associate with Novae. 
Several Novae have increased in intensity 40,000 times, indicating that their 
surface temperatures must have increased tremendously, for, be it remem- 
bered, all radiation shorter than about 2900A is absorbed by our atmosphere 
and the maximum radiation for even 50,000 degrees falls in the extreme ul- 
traviolet at 580A. Thus an observed increase in radiation by a factor of 40,000 
certainly corresponds to a much larger true increase in radiation. 

In spite of the comparatively small amount of light received from a Novae 
by an observer at the bottom of the atmosphere, the star might conceivably 
deliver sufficient radiation to the high atmosphere in the extreme ultraviolet 
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and soft x-ray region to ionize highly the earth’s high atmosphere. The possi- 
bility that such a mechanism might produce effects on radio transmission or 
cause a magnetic storm has been examined by determining the correlation 
between magnetic storms of relatively long duration and the appearance of 
Novae. The correlation is no better (nor worse) than the agreement of magne- 
tic stornis with other supposedly related physical quantities and no definite 
conclusion can be drawn from available data. 


REMARKS 


The addition of a mechanism which is capable of adding angular momen- 
tum and kinetic energy to a newly born binary components removes several 
of the most fundamental objections to the fission theory. The reaction forces 
readily account for the observed differences in the orbits of binary stars, wide 
pairs with moderate eccentricities being as readily produced as close pairs 
with zero eccentricity. Moreover, the restriction as to mass ratio is now re- 
moved, and Darwin’s calculations for liquid stars apply, in a degree at least 
to actual stars which are probably largely gaseous. The requirement of an 
initial surface temperature approximating 10’ degrees is by no means neces- 
sary for lower temperatures result only in a slowing up of the evolutionary 
process. A systematic asymmetric loss of mass amounting only to a few hun- 
dredths of a percent of the total mass is all that is required to account for the 
evolution of any type of binary system and such a loss not only seems possible 
but quite probable. 

No attempt has been made to follow the variation of the orbit in great de- 
tail because the evolution depends, in an important manner, on the tidal an- 
gle 6 and the manner in which this quantity changes with the separation of 
the components cannot now be calculated. 

Close examination may show that radiation reaction forces are important 
in the evolution of spiral nebula, particularly if the arms of these systems are 
formed by any sort of a fission process. 

Perhaps the most important result of our calculations, however, is the 
probability that certain very energetic parent stars will endow their offspring 
with sufficient energy by the process described to separate completely the two 
companions. Thus our own sun may well have had a companion star which 
was lost sometime immediately after the parent sun divided. This conclusion 
has a very important bearing on the origin of the solar system, for it has led 
to a consistent fission theory of the origin of the solar system. This matter 
will form the subject of a subsequent paper. 
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THE BANDS OF CH AND CN IN STELLAR SPECTRA 
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(Received October 26, 1931) 
ABSTRACT 


The upper limit of visibility in the spectral sequence of the CH band at \4300 is 
found to be F8 (temperature about 6500°K). This value is considerably lower than has 
been adopted heretofore (classes F2 to AO; temperatures 7900° to 13000°K). The re- 
gion occupied by the CH band is very rich in strong atomic lines and it is therefore not 
permissible to consider the general aspect of the Fraunhofer “G-band”: the total in- 
tensity of the atomic lines greatly exceeds that of the molecular lines. The limit of 
visibility of the CN band at 4200 is found to be at F8, in agreement with former 
estimates. The simultaneous disappearance of CH and CN, having heats of dissoci- 
ation of 110 and 210 k cal/ mol respectively, may be explained by the great abundance 
of H in stellar atmospheres. 





1 CONSIDERABLE progress has been made, in recent years, in the appli- 
¢ cation of the theory of ionization equilibria to the problem of line-in- 
tensities in various types of stellar spectra. Most of the work done thus far 
has dealt with lines of atomic origin. There exists, however, a similar problem 
in the case of molecular spectra. In principle, the changes in intensity of a 
molecular absorption band could be investigated by using the same general 
method that has proved to be of such value in the interpretation of atomic 
spectra. But in actual practice the molecular problem is far more complicated 
than that of the atomic lines: not only is it necessary to introduce into the 
equations the partial pressures of the various constituents, but, in addition 
to this, the constituent atoms may give rise to several different molecular 
combinations. Furthermore, since the energy of a molecule is the sum of three 
terms, viz., its electronic energy, the vibrational energy of the nuclei and the 
energy of rotation of the whole system, the number of energy levels of a mole- 
cule greatly exceeds that of an atom. 

Several investigators have discussed the intensity of the bands of CH and 
CN as function of spectral class. The band \4315 of CH is observed in both 
branches of the spectral sequence: G—M and G—N. According to Rufus,’ 
it reaches maximum intensity at RO and at KO, respectively. Shane*® placed 
the maximum of sequence G—N in class R3. Beginning at N3 and at Mb the 
band is very faint. For the bands of cyanogen Lindbiad* found a maximum 
between G5 and KS5, and Shane found another maximum near R35 in the sec- 
ondary sequence G—N. 


1 Advanced Fellow of the C. R. B. Educational Foundation. 
2 W. C. Rufus, Publications of the Observatory, University of Michigan, 3, 258 (1923). 
3 C, D. Shane, Lick Observatory Bulletins 10, 79 (1919). 

4 B. Lindblad, Astrophys. J. 55, 85 (1922). 
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With respect to the upper limits of temperature (or spectral class) at 
which the bands of CH and CN are at the limit of visibility, various estimates 
have been made, some of which are contradictory. In the case of CN the 
upper limit is usually® placed between F5 and GO; however, several investi- 
gators® believed that the band could be traced as far as AO. It seems certain 
that in stars of early spectral class the band near \4200 is of instrumental 
origin, being caused by absorption in the glass of the optical train.’ For the 
CH band a number of contradictory estimates have been made: some investi- 
gators® place the upper limit at AO; others? place it at F2. 

It is generally believed’® that the CH band persists at considerably higher 
temperatures than the CN band. If this were correct it would lead to diff- 
culties, since the heat of dissociation of CH is appreciably less than that of 
CN. 

We have undertaken a careful redetermination of the limiting tempera- 
tures and have found that the values heretofore adopted for CH are in error, 
the actual limit for both, CH and CN, being at F8. We have further investi- 
gated the equilibrium conditions for the molecules of CH and CN with their 
constituent atoms, and have attempted to explain why the two bands disap- 
pear in the same spectral class, notwithstanding the difference between their 
heats of dissociation. 

2. The heat of dissociation of the CH molecule has not been determined 
spectroscopically, since no formula for the band- heads is available. We shall 
therefore use values determined chemically. According to Fajans," the work 
required for separating the components of a CH molecule is in the neighbor- 
hood of 90 kcal/mol. More recent determinations give slightly higher values: 
Mecke” found for the C — H bond the following energies: 107 k cal in formalde- 
hyde, 93 k cal in acetaldehyde, 110 k cal in benzaldehyde, 115 kcal in methane. 
Ellis’ found 97 k cal/mol in hexane, and various values up to 117 k cal for 
other molecules. We shall adopt here as approximate energy of dissociation 
of CH, 110 k cal/mol. 

The heat of dissociation of CN has been determined spectroscopically at 
220 k cal—in good agreement with the thermo-chemical methods, which give 
210 kcal. We shall use this latter value in our computations. 


5 B. Lindblad, reference 4; R. Wildt, Zeits. f. Physik 54, 856 (1929). 

6H. Shapley, Harvard Observatory Bulletin No. 805, 1924; A. V. Douglas, Monthly 
Notices of the Royal Astronomical Society 90, 798 (1930); C. H. Payne, Stellar Atmospheres 
p. 168, 1925. 

7H. Shapley, Harvard Observatory Bulletin, No. 862, 1928; C. T. Elvey and R. Zug, 
Astrophys. J. 70, 243 (1929). 

8S. Rosseland, Astrophysik p. 181, 1931; C. H. Payne, Stellar Atmospheres pp. 63, 168, 
1925. 

® W. C. Rufus, reference 2; A. J. Cannon, Harvard Annals 91, 7 (1918); R. Wildt, refer- 
ence 5. 

10S. Rosseland, reference 8; R. Wildt, reference 5. 

" K. Fajans, Ber. d. Deutsch. Chem. Gesell. 53, 643 (1920). 

™ R. Mecke, Nature 125, 526 (1930). 

8 J. W. Ellis, Phys. Rev. 33, 27 (1929). 
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3. The molecule CH gives rise, in stellar spectra, to two bands situated 
roughly at 44300 and A3900A. The first of these is superposed over a region 
containing many strong atomic lines, and the blend of all these lines, atomic 
and molecular, constitutes the “G-band” of Fraunhofer, prominently seen in 
the spectrum of the Sun. We have investigated this band in stars of classes 
F and G. It results from the transition *A —*II; the lower level *A of the band 
at A4300 is probably the ground-level of the CH molecule. 

The identification of the stellar band with CH was made by Newall, 
Baxandall and Butler.“ It extends from about \4250 to A44320%—a region 
which is especially rich in strong atomic lines [Various strong lines of Fe, 
Ti, Ca, Cr, Mn, Sc II etc.]. These atomic lines, superposed over the rota- 
tional lines of the CH band, produce numerous blends distributed over the 
whole region. 

Table I gives the number of lines of various Rowland intensities (greater 
than 2) in the region A4250 to A4320." It is obvious that in the solar spectrum 
(class GO, dwarf) the contribution of the CH lines to Fraunhofer’s “G-band” 
is much inferior to that of the atomic lines. Consequently, on plates taken 
with small dispersion, and especially with objective-prisms, the blended ap- 
pearance of the region near 44300 is almost entirely due to atomic lines. 








TABLE I 
Rowland intensity 15 8 7 6 5 4 3 2 3-blends 2-blends 
No. of atomic lines 1 3 1 2 3 8 18 48 — _ 
— -— - 1 3 16 3 12 


No. of CH lines — 








The observable bands of CN lie in two different spectral regions: those cor- 
responding to the electronic transition 72 —*Z fall between 43590 and A4606; 
the others, corresponding to the transition ? —°II, are in the red,’ near \7000. 
The lower level of the two transitions (?=) is the same for both band-systems. 
Little is known at present concerning the bands in the red. Those of shorter 


wave-length are listed in Table II. In stellar spectra these bands have been 











TaBLe IT 
n” 0O 1 2 3 4 5 6 7 

n’ 

0 3883 4216 4606 

1 3590 4197 4578 

2 4181 4553 

3 4532 

4 4515 

5 4503 











4H. F. Newall, F. E. Baxandall and C. P. Butler, Monthly Notices of the Royal Astro- 
nomical Society 76, 640 (1916). 

& C. E. St. John, C. E. Moore, L. M. Ware, E. F. Adams, H. D. Babcock, Revision of Row- 
land’s Preliminary Table of Solar Wave-Lengths, 96, 1928. 
16 P. W. Merrill, Scientific Papers of the Bureau of Standards, No. 318, 1918. 
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observed by Shane,” Hale, Ellermann and Parkhurst,'* and by Rufus.'® The 
bands most convenient for study with the Bruce spectrograph (used with the 
40-inch refractor of the Yerkes Observatory) are the ones near \4216 (0—1), 
and \4197 (1—2). There are, as in the case of CH, numerous blends with 
atomic lines, and the contribution of the CN lines is relatively insignificant, 
as Table III shows. 


TABLE III. Region 4190 to 4210. 








Rowland intensity 8 6 5 4 3 2 1 0 
No. of atomic lines 1 1 2 5 8 7 17 17 
No. of CN lines (certain) - ~- ~- 1 1 2 

- 1 1 5 


No. of CN lines (uncertain) 








4. In view of the great predominance of atomic lines in both regions, it is 
useless to investigate the appearance of the whole band on plates of small 
dispersion. The obvious method is to find, within the region considered, one 
or more individual lines of CH which are unblended with atomic lines. The 
linear dispersion of our spectrograph is 30A/mm at 44500. 

For the CH band we examined the wave-lengths \4310.4 to \4312.7. Here 
the rotational lines of the band appear almost pure, as we see in Table IV (in 
which the lines fainter than Rowland’s int. 0 have been omitted). We have 














TABLE IV. 
CH Lines Int. Atomic lines Int. 
4310.38 2 4310.47 ? 1 
10.56 0 10.71 ? 2N 
10.99 1 10.90 ? 1 
11.17 2 11.51 Fe CH 2 
11.45 2 12.20 ? 2 
11.72 2 12.56 Mn 1N 
12.09 2 
12.15 1 
12.71 0 











also used the line A4293.12 of CH, intensity 3; but its proximity to \4292.3 
(Fe, int. 2), \4294.1 (Ti II, Fe, int. 2+5) and (4293.04 (?, int. 2) makes it 
less suitable than the region at 44311. The line \4303.942 (CH, int. 4) al- 
though blended with (4303.84 (?, int. 2), 44303.6 (Nd II, int. 1), 44304.4 
(CH, int. 1) and \4304.57 (CH, Fe, int. 2), is mostly due to the band, and 
has therefore been used in the estimates. 

For the CN band we have used the line \4192.574 (CN, int. 2), which 
lies between A4195.342 (Fe, int. 5) and \4191.5 (Fe, int. 6+3). We have also 
examined \4197.102 (CN, int. 2), lying between \4196.7 (Fe, int. 1) and 
4198.06 (Fe, int. 2). 

In order to be certain of the faint band-lines, we have used for most of 
our spectrograms Eastman Process high-contrast plates. The actual esti- 


™ C.D. Shane, Lick Observatory Bulletin 10, 79 (1919), 
'8 G. E. Hale, F. Ellermann and J. A. Parkhurst, Publications of the Yerkes Observatory 
2, 251 (1903). 
1 W. C. Rufus, Publications of the Observatory, University of Michigan 3, 258 (1923). 
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mates, recorded in Tables V and VI, were made with the aid of a comparator 
fitted with a Bausch and Lomb wide-angle microscope. A half-silvered optical 
beam-divider made it possible to compare (or measure) two spectrograms 
simultaneously. In all estimates the solar spectrum was used as standard. 
Tables V and VI show that the bands of CH and of CN disappear at about 


TABLE V. CH band. 


Star Absolute magnitudes?? Description of CH band 


Spectral class G5 


e Gem —1. Stronger than in the Sun 
a UMa +0. Stronger than in the Sun 
n Dra +0. Stronger than in the Sun 
m Her +3. Stronger than in the Sun 


a <Aqr —2. Fainter than in the Sun 
« Leo —0. About the same intensity as in Sun 


4 

4 

7 

7 

Spectral class GO 

8 

9 

a@ Aur +0.1 About the same intensity as in Sun 

 ] 











5 Ser +3.§ A little less strong than in Sun 
13. Cet +3.8 Same as in Sun 
n Cor +4.3 Same as in Sun 
Spectral class F8 
y Cyg —3.0 Very uncertain. Hardly visible* 
a UMi —3.0 Extremely faint 
6 CMa —2.9 Extremely faint 
e Hya +2.1 Faint 
26 Dra +4.0 Faint 
99 Her +4.4 Faint 
Spectral class F5 
p Pup —2.1 No trace 
e Aur —2.0 No trace 
a Per —1.3 No trace 
41 Cyg —1.1 No trace 
a CMi +3.2 Perhaps very faint 
10 UMa +3.2 No trace 
6 Cyg +3.4 No trace 
y Ser +4.3 No trace 
Spectral Class F2 
x Sgr —0.8 No trace 
Spectral class FO 
20 CVn —1.4 No trace 
y Cap —0.7 No trace 
20 Per +2.5 No trace 








the same place in the spectral sequence, in class F8. There seems to be a defi- 
nite indication that the CH band is stronger in dwarfs than in giants (cf. 
Sun and @ Aquarii). This agrees well with theory. It is surprising, however, 
that the intensity of both bands, especially that of CH, decreases so rapidly 
as we pass from GO (temperature about 6200°K) to F5 (temperature 
7200°KX). This effect is very strikingly shown in Fig. 1: in the solar spec- 
trum the band is very strong, while in Procyon (a Canis Minoris), a dwarf 
of class F5, it can hardly be seen. 





*0 W. S. Adams, A. H. Joy, G. Strémberg and C. G. Burwell, Astrophys. J. 53, 13 (1921). 
*t This agrees with: Lockyer and Baxandall, Philosophical Transactions of the Royal 
Society, (A), 201, 205 (1903), whose list of lines in a Cygni does not contain 4303.9 (CH, int. 4) 
and 4293.1 (CH, int. 3). 

* We have adopted here the temperature scale of Brill, in agreement with Wildt (reference 
5), although a slightly lower scale would probably have been preferable. 
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5. It is clear from the foregoing that it is not possible to consider all of 
Fraunhofer’s G-band as being caused by CH. Even in the solar spectrum the 
total intensity of the molecular lines is relatively small. In the past the dis- 
tinction between molecular and atomic lines has not always been made. In- 
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Fig. 1. Spectra of Sun and five stars, showing the region \4170 to 44330. The lines of Cll 
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and CN which were used in this investigation are marked on the upper margin. Two of the stel- 
lar spectra show the comparison lines of Ti and of Fe. 


vestigations made prior to the work of Newall, Baxandall and Butler refer 
to the whole region of the G-band, and do not necessarily apply to the CH 
molecule. Thus, in the Henry Draper Catalogue™ we read: “Class FO. Typical 
stars 6 Geminorum and @ Carinae. ... The lines 4305.8, 4308.0 and 4309.9 


*3 Harvard Annals 91, 7 (1918). 
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TaBLe VI. CN band. 


Absolute magnitudes Description of CH band 


—2.8 About the same as in Sun 
—0.9 About the same as in Sun 
+0.1 ? 
Spectral class FS8 
3.0 Extremely faint 
3.0 Extremely faint 
—2.9 Extremely faint 
Spectral class F3 
2.0 No trace 
‘3 No trace 
+3.) Perhaps very faint 
Spectral class F2 
—(0.8 No trace 


and other lines, which form the absorption band called G by Fraunhofer, are 
faint and inconspicuous”. It is certain*! that the line A4305.8 is Se IT 4305.715 
(int. 2) and Ti 4305.92 (int. 4), rather than CH 4305.85 (int. 1); line A4308.0 
is identical with Ca 4307.75 (int. 3) and Fe 4307.91 (int. 6), rather than with 
CH 4308.05 (int. 0) and CH 4308.18 (int. 1); line 4309.6 is Fe 4309.38 (int. 3), 
A4309.46 (? int. 1), 4309.63 (int. 1) and Ce Il 4309.72 (int. 1), rather than 
the faint CH lines AA4309.38 and 4309.63. The band described in the Draper 
Catalogue is, accordingly, of atomic origin. The same is true of the Harvard 
descriptions for classes F2 (7 Sagittarii),”° F5 (@ Canis Minoris,** p Puppis,?" 
« Persei)*> and F8 (y Cygni and 6 Canis Majoris).** 

It may be noted in this connection that Dunham*’ found no lines defi- 
nitely belonging to CH in the spectrum of a Persei, photographed with high 
dispersion at Mount Wilson. 

Ina recent paper Miss A. V. Douglas* has discussed the band near \4200 
in several Cepheid variables, and has attributed it to CN. Following is a list 
of lines taken from the “Revised Rowland”, within the range A4198 to A4202. 
The total intensity of the CN lines is seen to be negligible in comparison with 
that of the atomic lines (see also Table III) . The latter are so closely packed 
that they are doubtless blended throughout the whole range. In particular, 
it is almost certain that the point at which Miss Douglas measured the micro- 


photometer deflection corresponds to several atomic lines of Rowland inten- 
sitv 1 and greater, while the strongest line of CN in the same interval is but 0. 


*1 The intensities given in parentheses are from the Mount Wilson Revision of Rowland’s 
Solar Wave-Length Tables. 

* Harvard Annals 91, introduction, 7 (1918); Harvard Annals 28, 157 (1897). 

** Harvard Annals 28, 157 (1897). 

*7 Harvard Annals 91, introduction, 8 (1918). 

*’ Harvard Annals 28, 187, remark 178 (1897). 

*° Harvard Annals 28, 188 (1897). 

” Contributions from the Princeton University Observatory, No. 9, 1929. 

*t Monthly Notices of the Royal Astronomical Society 90, 804 (1930). 

* The average spectral class of the stars investigated by Miss Douglas is GO for » Aquilae, 
F8 for a Ursae Minoris (Polaris), and F8 for RT Aurigae. All these are giants, and we should ex- 
pect their band-lines of CN and of CH to be even fainter than those of the Sun, which is a 
dwarf of class GO. 
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TaABLe VII. 
Atomic lines Int. Lines of CN Int. 
4198.06 Fe ) 
25 Fe 4 4199.67 —1 
.34 Fe 4 4199.74 —2 
.64 Fe 3 4200.70 0 
99.11 Fe 5 4201.07 —1 
.89 Ru 1 
.99 Fe 2 
4200.46 Ni 1 
.79 Ti 1 
.93 Fe 3 
1.71 NiFe 1 
8 


} Ww 


.04 Fe 








It is probable that her results for CH are also vitiated by the same effect of 
blending. 

This effect of blending has doubtless influenced another investigation, one 
by P. ten Bruggencate,* on the spectra of 6 Cephei variables. The linear dis- 
persion of his objective-prism was about 100A/mm at Hy.It seems, therefore, 
certain that the major portion of the microphotometer deflections attributed 
by him to CH, have in reality been caused by closely packed atomic lines. 

6. We have seen in section 1, that the heat of dissociation of the CH mole- 
cule is appreciably lower than that of the CN molecule. It is therefore sur- 
prising, at first sight, that both bands disappear at the same temperature 
within the spectral sequence (F8, temperature about 6500°K). We shall show 
that this may be explained by the enormous abundance of H in the atmos- 
pheres of the stars, which causes a slowing down of the process of decomposi- 
tion of CH. 

In considering the equilibrium conditions of CH and CN, we shall follow 
the method of Wildt,* replacing in his formulae the heat of dissociation of CH 
by the more modern value, 110 kcal/mol, and using the same temperature of 
6500°K for both molecules. 

Consider a molecule AB; let pa, ps and paz be the partial pressures of 
the constituents of the gas: A, B and AB; and let K, be the equilibrium 
coefficient at constant pressure, pa ps/pas. Then, following the formulae of 
Wildt, we have for 


210000 
CN — log Ky = aa + 1.5 log T + log (1 — e~24°/T) + 0.07 
J 
and for 
110000 
CH — log K, = sar + 1.5 log T + log (1 — e747) — 0.40. 


Computation gives for 7 = 6500° 
log K,fCN = — 1.7 log K,#! = 1.3. 


33 Annalen v. d. Bosscha-Sterrenwacht, Lembang (Java) 5, 1 (1931). 
34 R. Wildt, reference 5. 
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From the definition of the coefficient K,, it follows that 


Pcu 
log — 


Pon 
The ratio pu/py is not accurately known; but H. N. Russell® has found that 
in the reversing layer of the Sun hydrogen is about 10* times more abundant 
(by number of atoms) than nitrogen. The total mass of the hydrogen atoms, 
per unit area, exceeds that of the nitrogen atoms by a factor of about 10°. 
Since the partial pressure depends upon the concentration, it is probably not 
exaggerated to assume 


log hon = 3, 


Pn 
This gives 


Pou = pon (at 7 = 6500°K). 


The simultaneous disappearance of CN and CH may thus be explained. 

It should be remembered in this connection that the coefficient of absorp- 
tion of CH is probably greater than that of CN. The violet cyanogen bands 
result from an electronic transition of the type ?2 —*2, while the hydrocarbon 
band corresponds to *A —*II. The probability of the latter transition is greater 
than that of the former, which may be the reason why, in spectral classes GO 
and F8, the band of CH is stronger than that of CN. 

Professor H. N. Russell has called our attention to the fact that the CN 
band at 3883 (not investigated by us) is far stronger than that at 4216, and 
may perhaps persist higher up in the spectral sequence. However, T. Dun- 
ham Jr. found no trace of the 3883 band in the star Persei a (Contribution 
from the Princeton University Observatory 9, 6 (1929)). 


% H. N. Russell, Astrophys. J. 70, 56 (1929). The author states that the values for H and 
N are uncertain, and they merely indicate the order of magnitude concerned. 
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THE EFFECT OF PRESSURE ON THE ELECTRICAL 
CONDUCTANCE OF SALT SOLUTIONS IN WATER* 


By W. A. ZISMAN 


JEFFERSON PuysicaL LABORATORY, HARVARD UNIVERSITY 
(Received October 19, 1931) 


ABSTRACT 


New data are presented for the change with pressure of the equivalent conduc- 
tance of the following 1/100 normal salt solutions in water: at 30°C, HCI, LiCl, NaCl, 
KCI, RbCl, CsCl. NaF, NaBr, NaI, Na2SO,y, NaC2H;02, CaCle,, BaCle, ThCl,, 
K3Fe(CN)s, K4Fe(CN)s; and at 75°C, all the above solutions excepting NaF and 
ThCl,. The pressure range at 30°C is 1-10,000 kg/cm?, and at 75°C it is 1-11,000 
kg /cm?*. It is pointed out that the observed maxima in the equivalent conductance 
can not be entirely caused by a change in the degree of dissociation of the ions with 
pressure. By using a well-known expression for the equivalent conductance at infinite 
dilution, and also by using the Debye-H iicklel formula, it is shown in each case that 
there muct be a large change in the diameters of the ions due to the pressure if the 
theory is to agree with the data. 


HE influence of high pressure on the conductance of aqueous salt solu- 
tions was studied by Tamman and his pupil Kérber' with pressures up to 
3000 km/cm?. 

The experiments reported here were carried out to see if an extension of 
the pressure range to 12,000 kg/cm? would show anything striking. It was 
thought from consideration based on modern ideas of ion hydration that the 
ion diameter would decrease greatly at high pressures. 

The conductance cell used in these experiments is shown in section in 
Fig. 1. The pressure transmitting fluid used throughout the high pressure 
apparatus was kerosene. A column of kerosene floating upon the salt solution 
served to transmit the pressure throughout the cell, thus eliminating sealed 
joints between glass and the metal electrical lead-in wires. This was very 
necessary because no combination of metal and glass was known where each 
substance had the same thermal expansion and compressibility as the other. 
The pressure was transmitted into the space between the electrodes through 
two }” holes ground in the walls of the quartz tube used to space the two 
electrodes. The electrodes were of solid platinum and were 1.2 cm in outside 
diameter and 2 mm thick. The parts were maintained in alignment by grind- 
ing the ends of the quartz tube square and resting the bottom electrode upon 
a flat surface ground on the bottom of the inside of the Pyrex container, and 
finally by clamping the assembly together with a taunt piece of fishline wound 
once around the outside of the Pyrex container. A phosphor bronze spring 


* This is a summary of the results obtained at the high pressure laboratory of the Jefferson 
Physical Laboratory of Harvard University during the academic year 1930-1931. The research 
problem was carried on as a Ph.D. thesis in Physics. 

1 F. Korber, Zeits. f. phys. Chemie 67, 212 (1909). 
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maintained the tension. The electrical contact to the bottom electrode was 
made by a piece of platinum wire gold soldered to the edge of the electrode 
and insulated from the solution by means of a Pyrex capillary tube, not shown 
in the figure. 

The usual sort of a.c. bridge was used. The fixed arms were two 1000 ohm 
Ayrton wound resistances made by the General Radio Company. The vari- 
able resistance was 10,000 ohms and was Ayrton wound, and made by the 
same company. A very carefully constructed General Radio condenser of 1500 
micromicrofarads capacity was used in shunt with the variable resistance. 
The vacuum tube oscillator is a duplicate of the one described recently by G. 
Jones and R. Josephs.* In the same paper experiments showed that several 
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“ig. 1. Diagram of apparatus. 


important grounding and shielding precautions had previously been neg- 
lected. These statements were very soon found true. The final arrangement 
used was found to give but 0.1 percent change in resistance of the cell when 
the oscillator frequency was altered from 2830 to 600 cycles. To the precision 
(0.2 percent) it was found unnecessary to use any earthing device such as a 
Wagner ground. The bridge balance was detected with a two-stage audio fre- 
quency amplifier and a pair of telephones. The bridge could easily be balanced 
to 0.1 percent. 

A description of the pressure apparatus and gauge is unnecessary here; for 
details see Bridgman’s papers.’ The gauge is good to } percent without special 
calibration. 

The massive pressure cylinder which contained the conductivity cell was 
immersed in an insulating bath of kerosene at 30°C and in a mixture of kero- 


* G. Jones and R. Josephs, Jour. Amer. Chem. Soc. 50, 1049 (1928). 
’ P. W. Bridgman, Proc. Amer. Acad. Sci. XLIX, No. 11, Feb. (1914). 
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sene and vacuum pump oil at 75°C. A thermostat maintained the tempera- 
ture at 30°C to 2/100° and at 75°C to 4/100°. 

The procedure used in an experiment after placing the cell in the press 
was to take resistance measurements at atmospheric pressure, 500, 1000, 
2000, 3000, 4500, 6000, 7500, 9000, 10500, 9800, 8200, 6800, 5300, 3800, 2500, 
1500 kgm/cm, and back to atmospheric pressure. No hysteresis loop oc- 
curred, proving there was no relative motion in the parts of the cell, and no 
appreciable interaction between the kerosene and the salt solution that might 
be facilitated by a rise in pressure. The measurements at 30° C were made one 
day and at 75°C the following day. Several times after completing a 75° run 
the 30° readings were repeated and were found to check the first series of read- 
ings. A run at one temperature took from 6 to 8 hours because the changes of 
pressure caused heating or cooling effects that took 20 minutes to dissipate. 

The distilled water for making up the salt solutions was made in a tin- 
lined still and it had a specific conductivity of about 1.0 10~-* mho. The salts 
were all chemically pure of the best grade obtainable from Kahlbaum, Merck 
and Company, and Eimer and Amend. 

Several pressure runs were carried out at both temperatures by using dis- 
tilled water in place of the salt solution. The water correction was found to be 
reproducible to around 2 percent. The correction was found to amount to 
from 0.5 to 1.5 percent depending upon pressure and temperature. The pre- 
cise method for making this correction is debatable, however. In Table I, 


TABLE I. 


Pressure (k ‘cm*) Resistance at 30°C Resistance at 75°C 


1 492 000 ohms 164,000 ohms 
500 457 ,000 155,800 
1,000 426,000 148.900 
1,500 395 ,000 142 ,400 
2,000 364 ,000 135 ,600 
2,500 334,000 129 500 
3,000 306 , 500 125 ,500 
4,000 258 ,000 120 ,000 
5,000 221,400 117,100 
6,000 196,700 116,000 
7,000 179,300 114,800 
8,000 168 , 500 113,300 
9 ,000 161,800 112,500 
10,000 159,200 111,600 
— 110,800 





are given the cell resistances R for distilled water as a function of pressure. 
The resistance at atmospheric pressure varied with time for about 30 minutes 
after placing the cell in the press; the final resistance showed the specific con- 
ductance of water attained the value of 5X10-° mho at 30°C and 15 X10~° 
mho at 75°C. 

The water correction was made as follows: At pressure p the cell filled with 
salt solution had a resistance R, while filled with distilled water in equilibrium 
with the kerosene its resistance was R’. If the resistance of the cell when the 
water is nonconductive is R”’, then 
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The water correction increases with pressure. At 10,000 kg/cm? it is around 
1.4 percent at 30°C, and 0.9 percent at 75°C. At 4000 kg/cm* it is around 
0.3 percent. 

A correction must be made because of the compressibility of the quartz 
separator. If the water corrected cell resistance is R and the resistivity of the 
salt solution is 7, then at pressure p 


r/ro = R/RoA(A — pa/3). 


Here “a” is the cubic compressibility of quartz which according to Bridg- 
man! is 26.5 10°? at 30° and 27.7 10-7 at 75°. At 11,000 kg/cm? this cor- 
rection is 1.0 percent. 

The minima of resistivity observed around 1,000 kg/cm? are partly 
caused by the compressibility of the solution. The effect due to a pressure 
change in ion-mobility is nicely shown by a calculation of the change of equiv- 
alent conductance with pressure. A solution of concentration C gram-equiva- 
lents per liter has an equivalent conductance A given by A=1000/cr. Then 
using a zero subscript to denote values at atmospheric pressure A/ Ao = Coro/ Cr. 
If the volume of the salt solution used is V then obviously 


C Ca = o/ V. 
Finally 
A V/Vo 
Ao r/Po 


The ratio V/ Vp was computed as function of pressure from the data given 
by Bridgman’ on the specific volume of water. To enable 7/rp to be calculated 
from the equivalent conductance data presented here, the values of V/ Vo 
of Table II were computed by taking the mean of the values for 30° and 














TABLE II. 

Pressure in kg/cm? V/Vo Pressure in kg/cm? V/Vo 
1 1.0000 5 ,000 0.8691 
500 0.9798 6,000 0.8547 
1,000 0.9624 7,000 0.8399 
1,500 0.9467 8 ,000 0.8275 
2,000 0.9325 9 ,000 0.8175 
2,500 0.9191 10 ,000 0.8075 
3,000 0.9075 11,000 0.7984 

4,000 0.8867 











75°C. This mean can be employed for either temperature with an accuracy of 
0.2 percent. However, at 30° the water freezes around 10,500 kg/cm? and 


* P. W. Bridgman, Amer. Journ. of Sci. 10, Oct. (1925). 
5 P. W. Bridgman, Proc. Amer. Acad. Sci., XL VIII, No. 9, Sept. (1912). 











therefore the value of V/V, in this table means nothing at 30°C and 11,000 
kg/cm’. 

The resulting data on A/Ao for the salts studied are presented in Table 
I1I-IV. The data are probably accurate to 0.3 percent. 
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TABLE III. A/Ao as function of pressure at 30°C. Pressure in kg/cm’. 
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Press. HCi LiCl NaCl KCl CsCl 
1 1.0000 1.0000 1.0000 1.0000 1. 1 
500 1.0265 1.0135 1.0078 1.0098 Ba 1 
1000 1.0464 1.0256 1.0100 1.0100 # 1 
1500 1.0616 1.0240 1.0016 1.0039 0. 0 
2000 1.0715 1.0202 0.9924 0.9945 0. 0 
2500 1.0775 1.0070 —- 0.9775 0 
3000 1.0812 0.9915 0.9545 0.9582 0. 0 
4000 1.0828 0.9520 0.9100 0.9150 0. 0 
5000 1.0780 0.9078 0.8618 0.8660 0. 0 
6000 1.0682 0.8601 0.8126 0.8178 0. 0 
7000 1.0545 0.8062 0.7578 0.7630 0. 0 
8000 1.0392 0.7545 0.7075 0.7129 0. 0 
9000 1.0218 0.7060 0.6598 0.6646 0. 0 
10000 1.0055 0.6600 0.6146 0.6168 0. 0 
Press. NaF NaBr Nal KI Na Acetate 
1 1.0000 1.0000 1.0000 1.0000 e 1 
500 1.0076 1.0034 0.9940 0.9980 Bi 1 
1000 1.0116 1.0005 0.9722 0.9878 & 0 
1500 1.0079 0.9915 0.9640 0.9728 a 0 
2000 1.0020 0.9700 0.9400 0.9514 0. 0 
2500 — 0.9515 — -- 0. 0 
3000 0.9773 0.9294 0.8845 0.8965 0. 0 
4000 0.9434 0.8782 0.8272 0.8467 0. 0 
5000 0.9076 0.8250 0.7687 0.7926 0. 0 
6000 0.8724 0.7730 0.7150 0.7382 0. 0 
7000 0.8284 0.7196 0.6610 0.6845 0. 0 
8000 0.7910 0.6685 0.6120 0.6350 0. 0 
9000 0.7530 0.6225 0.5664 0.5910 0. 0 
10000 0.7170 0.5771 0.5233 0.5514 0. 0 
Press. CaCl, BaCl. K4Fe(CN)s K;Fe(CN)e 
1 1.0000 1.0000 1.0000 1.0000 
500 1.0114 1.0100 1.0230 1.0075 
1000 1.0153 1.0095 1.0338 1.0098 
1500 1.0100 1.0030 1.0460 0.9995 
2000 0.9980 0.9925 1.0275 0.9820 
2500 0.9800 0.9726 1.0160 0.9614 
3000 0.9625 0.9546 1.0005 0.9400 
4000 0.9186 0.9070 0.9655 0.8932 
5000 0.8668 0.8570 0.9200 0.8420 
6000 0.8154 0.8072 0.8735 0.7905 
7000 0.7595 0.7504 0.8170 0.7374 
8000 0.7025 0.6976 0.7640 0.6868 
9000 0.6496 0.6493 0.7148 0.6405 
0.6000 0.6016 0.6670 0 





The ratio A/Ay shows a linear decrease with pressure in the pressure 
range 3000-8000 kg/cm?. The slope is the same at one temperature for all 
salt solutions tried. At 75°C the slope is less than at 30°C. The behavior in 
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TABLE IV. A/ Ao as function of pressure at 75°C. Pressure in kg/cm’. 


Press. HCl LiCl NaCl KCl RbCl CsCl 











1 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
500 1.0125 0.9886 0.9875 0.9878 0.9870 0.9855 
1000 1.0190 0.9815 0.9720 0.9755 0.9690 0.9678 
1500 1.0218 0.9664 0.9570 0.9578 0.9530 0.9450 
2000 1.0218 0.9514 0.9472 0.9418 0.9342 0.9258 
2500 1.0225 . 0.9245 ~~ 0.9024 
3000 1.0229 0.9218 0.9018 0.9047 0.8952 0.8820 
4000 1.0225 0.8845 0.8629 0.8670 0.8554 0.8378 
5000 1.0171 0.8468 0.8238 0.8275 0.8121 0.7955 
6000 1.0115 0.8120 0.7844 0.7900 0.7729 0.7537 
7000 1.0040 0.7755 0.7472 0.7525 0.7317 0.7125 
8000 0.9947 0.7400 0.7102 0.7150 0.6940 0.6720 
9000 0.9866 0.7067 0.6764 0.6785 0.6575 0.6340 
10000 0.9780 0.6722 0.6422 0.6445 0.6220 0.5980 
11000 0.9680 0.6418 0.6097 0.6098 0.5900 0.5650 
Press. NaBr Nal Kl NaSO, Na Acetate 
1 1.0000 1.0000 1.0000 1.0000 1.0000 
500 0.9825 0.9726 0.9757 0.9884 0.9780 
1000 0.9650 0.9497 0.9548 0.9747 0.9570 
1500 0.9246 0.9310 0.9595 0.9345 
2000 0.9228 0.8976 0.9037 0.9425 0.9120 
2500 -— - 0.9280 0.8890 
3000 0.8825 0.8470 0.8635 0.9111 0.8674 
4000 0.8395 0.7998 0.8100 0.8787 0.8260 
5000 0.7960 0.7525 0.7650 0.8470 0.7884 
6000 0.7555 0.7086 0.7210 0.8150 0.7520 
7000 0.7154 0.6690 0.6795 0.7827 0.7173 
8000 0.6780 0.6307 0.6415 0.7505 0.6823 
9000 0.6430 0.5965 0.6051 0.7215 0.6486 
10000 0.6104 0.5633 0.5717 0.6920 0.6194 
11000 0.5778 0.5334 0.5380 0.6625 0.5910 
. Press. CaCl, BaCl. KyFe(CN), K3Fe(CN)¢ 
1 1.0000 1.0000 1.0000 1.0000 
500 0.9900 0.9876 1.0020 0.9875 
1000 0.9770 0.9730 1.0002 0.9715 
1500 0.9615 0.9584 0.9950 0.9545 
2000 0.9430 0.9405 0.9818 0.9340 
2500 —- — 0.9684 0.9125 
3000 0.9050 0.9040 0.9540 0.8930 
4000 0.8663 0.8626 0.9225 0.8510 
5000 0.8255 0.8205 0.8875 0.8084 
6000 0.7844 0.7800 0.8504 0.7695 
7000 0.7344 0.7417 0.8110 0.7312 
8000 0.7050 0.7035 0.7735 0.6947 
9000 0.6660 0.6668 0.7375 0 6624 
10000 0.6292 0.6320 0.7021 0.6314 
11000 0.5925 — 


0.6683 0.6010 











the range 1-3000 kg/cm? is typical of each salt. The equivalent conductance 
ratio A/Ay shows either a maximum or else curvature in the same sense. The 
effect of raising the temperature is to decrease these maxima. The pressure 
at which the maxima occur is higher and the height of the maxima is greater 
the smaller the diameter of the ions as given by crystal lattice data, or the 
greater the valence of the ions concerned. The initial slope of the conductance 
curve is also greater the smaller the ion’s lattice diameter and the greater its 














PRESSURE AND ELECTROLYTIC CONDUCTANCE 157 


valence. The effect of ion diameter is nicely shown by the family of alkali 
chlorides and by the family of sodium halides. The effect of valence is shown 
by K3Fe(CN). and KyFe(CN)¢, or by comparison of CaCl, with KCI and of 
BaCl. with CsCl. It is remarkable that the behavior of sodium acetate is so 
nearly like that of NaBr. The entire pressure data agree qualitatively with 
the behavior one would predict upon the basis of current ideas on ion-hydra- 
tion. One would expect the most hydrated ions to show the greatest maxima 
and initial slopes. It is also not surprising to find such a complex ion as the 
acetate radical behaving so nearly like bromide ions. The ions in solution be- 
cause of hydration are complex aggregates whether or not they are simple 
outside the solution. 

In the high pressure range 8000-11000 kg/cm*, the ratio A/A» begins to 
curve up again, and so the curve lies above the extension of the straight line 
portion of the curve. The difference in ordinate at 10,000 kg/cm? between the 
curve and the extended straight line part is variable with the nature of the 
salt and the temperature, and usually amounts to about 1 percent. This 
change of curvature can not be due to increase in the importance of the con- 
ductance contribution of the solvent because that has already been taken 
into account. In the cases of ThCl, and NaF hysteresis loops occurred in the 
pressure runs at 75°C. The loop for NaF was repeatable with different batches 
of solution, and its cause is not clear. The loop for ThCl, was not capable of 
repetition and a long series of runs showed the cause must reside in some sort 
of chemical reaction between the salt solution and the kerosene floating upon 
it. The same sort of behavior was found to occur in solutions of sodium hy- 
droxide—at both temperatures. At 30° there was no sign of hysteresis in NaF 
but the slope of the straight line portion was distinctly less than for the other 
solutions. 

The behavior of HCl under pressure is very distinctive. The initial slope 
of the conductance curve is the greatest for all solutions tried, and on the 
basis of the notions of ion hydration one would interpret that as proving that 
HC} fits nicely in the pressure data for the family of alkali chlorides, after as- 
suming the hydrogen ion is smaller than the lithium ion and is even more 
hydrated. Yet at higher pressures the curve for HCI shows a very slow de- 
crease after reaching a maximum, and at the highest pressure attained here 
the conductance ratio A/A had not returned to its initial value of unity. The 
same thing occurs at 75°C. This apparently anomalous behavior of HCI is 
not unexpected, for it appears from a good many lines of research that the 
aqueous hydrogen ion is a proton actually buried within a molecule of water. 


According to the Debye-Hiickel theory of strong electrolytes the equiva- 
lent conductance A at concentration C, temperature 7, of a uni-univalent 
salt whose ions have radii }; and bs in a solvent of dielectric constant D, is 
given by 





ac)*. 


i= X 10° (bike + begs) 9.86 XK 10°(E1? + =| 


(DT)"/2(E, + £2) (DT)3!22£ iE. 
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Here £, and & are given by £=67)n and 7 is the viscosity of the solution. 
A, is the equivalent conductance at infinite dilution, and it is given by A, 
= Ne®?/9X10''(1/f:+1/f2), where NV is Avogadro’s number, and e is the elec- 
tronic charge. 

This relation cannot be tested at high pressures because }; and b are not 
known as functions of pressure; yet the following calculations show 6} must 
vary with pressure very considerably. 

Assuming this theory holds well enough for a 1/100 normal aqueous solu- 
tion, we have sufficient data to test this theory by using the initial values of 
d/dp(A/Ao), d/dp(n/no), d/dp(C/Co), and the ion diameters at atmospheric 
pressure. At 30°C conductance data show the potassium and chlorine ions 
have mobilities differing less than 1 percent in water at infinite dilution. It is 
a fair approximation to take }; and db. and db,/dp=db./dp as equal for this 
salt. Now A; for KCI at 30° can be calculated, since at 18° it is 130 mho and 
its temperature coefficient is 0.0217. The result is 163 mho at 30°. The above 
relation leads to the value of 1.26 10-8 cm for b. Also the dielectric constant 
is 81.1 at 18° and its temperature coefficient is 0.0044; hence at 30° D is 
85.3. Earlier experiments® showed d/dp(D) =0.0033 at room temperature. 
Lastly [d/dp(C) |/C is the same as the cubic compressibility of water, and 
its value as found by Bridgman is 4.47 X 10-5 at 30°. 

Differentiating the Debye-Hiickel relation we get 
d (—) 1.02 X 10% 2c) dD ~~ _281(2C)!/? dD 











dp\Ay p32 dp D2 dp 
(= xX 10°) ~~) 
pie ps2 de 2.04 & 108(2C)'/? db 
(2C)!/2 dp pi dp 
db 
= — 1.33 X 10-* — 0.312 & 107— - (A) 
dp 
But 
“(~) 1 dA (—)- dA, 
dp Ay ‘a Ay dp Ay Ay dp 
1 dyn 1 db 
= 19 X 10°§ — 0.946) —— — —- — — | ° 
n dp ob dp 


According to Bridgman (1/7) (dn/dp) for pure water is 23 X10-*. Hence 
experimental data show 


d/A db 
<(—) = 40.8 X 10-* + 0.751 & 108®—. (B) 
dp\ Ay dp 


Comparing the result of theory, (A), with that of experiment, (B), we see 
that it would have been very incorrect to assume d/dp(b) =0, for then theory 


6 S. Kyropoulis, Zeits. f. Physik. 40, 507 (1926). 
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gives d/dp(A/Ai) = —1.33X10-* while experiment then shows the same de- 
rivative must be +40.8X10~-*. This difference is certainly far greater than 
inaccuracy of data could cause. Equating (A) and (B), and solving for 
d/dp(b), we find 3(1/b) (db/dp) = —12.8X10-5. This is the experimentally 
determined cubic compressibility of the ions of K and Cl. It is about 2.5 times 
greater than the cubic compressibility of water (4.47 X 10-). 

The data of Kérber! show the initial slope of the conductance-pressure 
curves varies very little in going from 1/10 to 1/1000 normal solutions of 
strong electrolytes. For instance, at 19° and 1000 kg/cm? the 7/7o curve for 
1/1000 normal KCI differs but 0.8 percent from the curve for a 1/10 normal 
solution. In the case of NaCl the same difference is 0.6 percent and in case of 
HCI it is only 0.2 percent. It is therefore not surprising that the compressi- 
bility of the ions can be shown to be the same as the above value simply by 
using the relation A = Ne?/67n 9X 10"(1/b:+1/b2) and calculating from it as 
in the above case. 

We now have after one logarithmic differentiation: 


1 (=) _ 1 (2) (-) 
A\dp/  ~— 9 \dp/_~—sb \dp 


and our data give the result 
3(1d6) 
(bdp) 


whereas the Debye-Hiickel theory predicted the value — 12.8 10-°. 

It is interesting to use this simple relation to calculate } as a function of 
high pressure. By using a zero subscript to denote values at atmospheric pres- 
sure we find 





= — 12.6 X 10°5 


N _Go/nd) 


Ao (b/bo) 


This allows a calculation of b/bo as function of pressure. The result is given in 
Table V. The diameter decreases more slowly as the pressure rises. Of courses 
this calculation has only heuristic value, for it is questionable to use the 
macroscopically determined coefficient of viscosity 7 in place of the micro- 
scopic coefficient of ionic friction. 

If incomplete ionization of salt molecules is assumed, and a is the degree 
of dissociation, then at sufficient dilution we can set 


Ne? a {1 1 
A = —— —[—+—}. 
9X 10” 6rn \b; be 
It is very simple to show that change of a@ with pressure cannot alone explain 
the observed conductance data. Suppose } does not vary with pressure; then 


A ” (n/no) ; 
Ao (ao/a) 
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This permits a calculation of a as function of pressure. Evidently @/ ap is 
simply the reciprocal of the ratio b/b» calculated for Table V. At high pres- 
sures then ao/a@ must change by 25 percent. According to Arrhenius’ theory 


TABLE V. Pressure in kg/cm®. Temperature is 30°C 


Press. n/ no A/ Ao b/bo 

250 0.988 1.0049 0.982 
1250 0.937 1.0070 0.930 
2250 0.872 0.986 0.885 
3500 0.780 0.937 0.832 
4500 0.710 0.891 0.797 
5500 0.648 0.842 0.770 
6500 0.595 0.790 0.753 
7500 0.550 0.738 0.745 
8500 0.512 0.689 0.744 
9500 0.478 0.642 0.745 


Temperature is 75°C. 


250 0.983 0.994 0.989 
1250 0.914 0.967 0.945 
2250 0.845 0.933 0.905 
3500 0.766 0.886 0.865 
4500 0.700 0.847 0.826 
5500 0.638 0.809 0.789 
6500 0.577 0.771 0.748 
7500 0.524 0.734 0.714 

0.697 0.679 


8500 0.473 











a salt like 1/100 normal KCI is within 6 percent of being completely dissoci- 
ated at atmospheric pressure; therefore, so great a pressure change on @ is 
impossible. It is also obscure how one can explain why KCI has a maximum, 
while the less dissociated KI shows none. 

A repetition of this series of measurements with other polar solvents 
would be very interesting; unfortunately the conductivity cell used here can 
not be employed with any of the interesting solvents due to their solubility 
in kerosene. 

I wish to express my gratitude to Professor P. W. Bridgman for the use 
of his high pressure apparatus and for his valuable advice and interest. It is 
also a pleasure to acknowledge the many helpful suggestions on conductivity 
technique from Professor G. Jones of the Department of Chemistry. 
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LETTERS TO THE EDITOR 


Prompt publication of brief reports of important discoveries in physics may 
be secured by addressing them to this department. Closing dates for this depart- 
ment are, for the first issue of the month, the twenty-eighth of the preceding 
month; for the second issue, the thirteenth of the month. The Board of Editors 
does not hold itself responsible for the opinions expressed by the correspondents. 


Isotope Effects in Polyatomic Molecules 


The isotope effects of the normal vibrations, 
of polyatomic molecules can be easily derived 
from Dennison’s general non-central force 
treatment! of the vibrations. We find that the 
resulting expressions permit the evaluation of 
the molecular constants without appealing to 
intensity measurements and also furnish cri- 
teria for the assignment of particular spectral 
frequencies to particular modes of vibration. 

For example, compare the symmetrical 
molecules YY; and }.Xz, where mass of each 
X atom=m, mass of Y=M, mass of Y=M 
=M+AM. Then we find that the isotope 
effect Aw; ws; of the frequency ws; (whose elec- 
tric moment vibrates perpendicularly to the 
symmetry axis) depends only on the masses 
and the molecular angle, and once this latter 
is known from the isotope effect, one of the 
constants of the potential energy expression 
can be evaluated from a; itself. 

The other three force constants can be 
evaluated from the frequencies parallel to 
the symmetry axis and their isotope effects, 
each of which depends on the constants. But 
the sum of the parallel isotope effects depends 
only on the masses: 

Aw) 
same 


w1 2 


mAM 


Aws 
M(QQm + M)’ 


which should prove useful in the analysis of 
spectra. For a collinear molecule, the isotope 
effect of the inactive frequency vanishes, the 
expression on the right becoming that for the 
active parallel isotope effect alone, say Aw: /we, 
and we also have Awe /w2 = Aw; /w;. 

These results are applicable to the elec- 
tronic absorption bands of chlorine dioxide 
recently measured by Urey and Johnston.? 
Two frequencies in the normal state showed 
isotope effects Aw w whose sum is —0.0124; 
the value of —[mAM/M(2m+ M)] for Cl*O, 
and CO. is —0.0129, and therefore those two 
frequencies represent the parallel vibrations. 
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Since no single isotope effect in the excited or 
the normal state was even approximately 
—0.0129, the molecule can not be collinear in 
either state. Our assignment to parallel vibra- 
tions agrees with that of Urey and Johnston, 
who discuss the matter from the standpoint of 
valence forces. 

For tetratomic molecules YX; and YN3, the 
isotope effect of each normal vibration de- 
pends on the six molecular constants and so 
the frequencies and isotope effects suffice to 
determine the constants. Again, the sum of 
the isotope effects of the parallel frequencies 
depends only on the masses; the sum of the 
perpendicular effects depends only on the 
masses and on the ratio of the altitude of the 
pyramid to the length of side of the triangular 
base. 

Relations for the effects of isotopy of the Y 
atoms are somewhat different, of course. 
Possibly the most interesting case is the tetra- 
tomic molecule, where the small difference in 
mass of an XY atom removes the degeneracy of 
the motion, so that while YCI;*, for example, 
would have four normal frequencies, YCl:C1*" 
would have six. 

The expressions upon which the above and 
other relevant conclusions are based will ap- 
pear in detail. We take great pleasure in 
thanking Professor Dennison for advice at 
various stages of our work. 

E. O. SALANT 
Jenny E. RoseNTHAL 
Department of Physics, 
Washington Square College, 
New York University, N. Y., 
December 9, 1931. 


1D. M. Dennison. Rev. Mod. Phys. 3, 280 
(1931). 

2H. C. Urey and H. Johnston, Phys. Rev. 
38, 2131 (1931). We are greatly indebted to 
Professor Urey for the manuscript. 
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The Vibrational Constants of the IC1 Molecule 


The vibrational constants of the ICI mole- 
cule published hitherto have been determined 
from analysis of the absorption band spectrum 
in the visible region':?:* which consists of por- 
tions of four progressions (v” =0, 1, 2 and 3). 
Of these, three have been analysed but the 
fourth (v”=3) is weak under normal condi- 
tions and no measurements of it are recorded. 
The absolute v’ and v’’ numeration now 
adopted is that determined from measure- 
ments of the isotopic separations by Patkow- 
ski and Curtis.? Measurements published by 
Wilson and by Patkowski and Curtis did not 
extend to the red below v’=7 (v=15002.0 
cm!) for the v’’=0 progression nor below 
v’=6 (v=14445.2 cm") for the v’’=1 pro- 
gression. The extrapolation required to deter- 
mine wo’, the fundamental frequency referring 
to available vibrational energy in the excited 
state, was thus fairly long and in view of the 
non-linear variation of w,’ with v’ for higher 
v’ observations somewhat unreliable. 

The analysis of the absorption spectrum in 
the extreme red and near infrared thus seemed 
to be worthy of attention and the writer by 
raising the temperature of the ICI to 400°C 
and suitably increasing the vapour density has 
photographed portions of progressions for 
which v’’=3, 4, 5, 6, and 7. The analysis of 
these progressions has made it possible to 
evaluate w,’ to v’=2 and w,’’ to v’’=6. The 
fundamental frequencies wo’ and wo’’ are now 
deduced more accurately than was possible 
previously. wo’ is given by a graphical extra- 
polation of two units of v’ as 209.7 cm! and 
wo’’ by a linear extrapolation of one unit of v’’ 
as 383.0 cm™!. 

The frequency of the v’’=0, »’=0 band 
head, v®, is 13655.3 cm™! and the electronic 
frequency associated with the system, »*!, is 
13742 cm™ or 1.70 volts. 

Examination of the G’, wy’ data shows that 
a third parabola in addition to the two re- 
ported by Curtis and Darbyshire‘ is now re- 
quired to represent the G’, w,’ curve over the 
whole range of observations now recorded. 
The slopes of the dG’/dw,’, w,’ lines corre- 
sponding to the three parabolas are —0.110, 
—0.260 and —0.351, the intersection of the 
first and second being at 109.1 cm™! (v’=17) 
and that of the second and third at w,’=155.5 





cm! (v’=10). It is worthy of remark that the 
former “break” is in the neighbourhood of the 
v’’=0, v’=16 band whose abnormal appear- 
ance was mentioned by Curtis and Darby- 
shire and is unexplained so far. 

The convergence limit was re-determined 
from Wilson's values. Two different methods 
show that his value 17430 cm™ is probably 
some 90 units too high. These are (1) extrapo- 
lation of the G’, w,’ curve tow,’ =0 which gives 
the value 17341 cm™ for the limit, and (2) 
graphical evaluation of the area under the 
v’, wy’ curve between the limits v’ =0 and the 
value of v’ for which w,’ vanishes which gives 
17345 cm™!. The mean value is 17343 cm™! or 
2.14 volts. The dissociation potential of the 
excited ICI molecule is thus 0.44 volt. 

Within the limits of experimental error the 
w,’’ values decrease linearly as v’’ increases 
from 1 to 6 and by using the corresponding 
wo’’x’’ value to extrapolate G’’ to the value of 
v’’ for which w,’’=0, the dissociation energy 
for the normal state is found to be 23260 cm™ 
units, that is, 5917 units greater than the en- 
ergy required to dissociate by excitation and 
further increase of vibrational energy in the 
excited state. 

Bands of the v’’ =3, 4, 5 progressions in the 
ICls; spectrum have been measured and for 
them the isotopic shifts are opposite in sign to 
that previously observed in the higher v’ mem- 
bers of the v’’=0 progression. In all cases 
agreement with the calculated values using 
the Mulliken formula is good. 

It is hoped to publish detailed results in the 
near future. 

ORRELL DARBYSHIRE 

Physics Department, 

Armstrong Castle, 
Newcastle-on-Tyne, 
England, 
November 25, 1931. 


' Gibson and Ramsperger, Phys. Rev., 30, 
598 (1927). 

2 Wilson, Phys. Rev. 32, 611 (1928). 

3 Patkowski and Curtis, Trans. Faraday 
Soc. 25, 725 (1929). 

‘Curtis and Darbyshire, Trans. Faraday 
Soc. 117, 77 (1931). 
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The Magnetic Properties of Nickel Colloids 


The magnetic behavior of a colloidal sus- 
pension of ferromagnetic properties may be 
calculated on plausible assumptions if certain 
magnetic constants of the suspended material 
and its particle sizes are known.' The appro- 
priate magnetic constants for metallic nickel 
are well known, and it appeared from a study 
of the literature that colloidal suspensions of 
pure metallic nickel should be easily obtain- 
able. In an attempt to check the theory, how- 
ever, such surprisingly unsatisfactory results 
were obtained that it seems desirable to record 
them here, since they appear to suggest new 
lines of attack on ferromagnetics and colloids. 

Theory predicts approximate magnetic sat- 
uration for metallic nickel suspensions of usual 
particle sizes in a field of 3000 gauss. The in- 
tensity of magnetization of a sol of known 
concentration at this field value should there- 
fore measure with fair accuracy the amount of 
nickel present in metallic form. 


tibility is negligible in comparison with that 
of metallic nickel. 

Colloids were prepared by two methods: 
first, by dissociating nickel carbonyl’ dis- 
solved in benzene, toluene, and para-cymene, 
with rubber as a protective colloid and by the 
Bredig method with a high frequency are in 
water and in isopropyl alcohol. The following 
table gives some typical results of the meas- 
urements. The values of the intensity of mag- 
netization are expressed in electromagnetic 
units per gram of sol. The concentrations of 
nickel were determined after the magnetic 
measurement by weighing the precipitate ob- 
tained with dimethyl-glyoxime. The percent- 
age of uncombined nickel is computed from 
the known saturation value of magnetization 
of nickel and the total concentration of nickel 
present. The probable error, as estimated 
from the mean deviation of five determina- 
tions, in the intensity of magnetization of a 








Benzene 





Benzene Bredig Bredig 
carbonyl carbonyl hydrosol isopropyl 
sol A sol B (Fresh) alcosol 
Magnetic field (gauss) 3790 3500 3500 3500 
Intensity of magnetiza- 
tion of sol —2.58x 10-3 —2.14x10™3 —2.01X10-3 —2.35x10-3 
Intensity of magnetiza- 
tion of dispersing me- 
dium —2.72xX10-3 —2.52x10-3 —2.52x10-3 —2.60 1073 
Intensity of magnetiza- 
tion of nickel +0.14 1073 +0.38 x 1073 +0.51x10™ +0.25 10-3 
Concentration of nickel 0.34 mg/g 0.11 mg/g 0.066 mg/g 0.074 mg/g 
Percent of nickel uncom- 
bined 0.75% 6.3% 14.2% 6.2% 
Approximate radii of par- 
ticles 300 my 40 mu 








A small sample (0.2-0.4 grams) was placed 
on the beam of a Curie balance, previously de- 
scribed,? and the intensity of magnetization 
was measured, with distilled water as a stand- 
ard substance. The nickel was suspended in 
the solution in such small quantities that 
most of the magnetization was due to the liq- 
uid phase. The amount of this had, of course, 
to be determined and subtracted from the 
values observed for the colloids. This impairs 
considerably the accuracy of a determination, 
but the data were sufficiently precise to give 
the desired information. Correction was also 
applied for the magnetic properties of the air. 
No correction is necessary for the combined 
nickel in the suspension since its mass suscep- 





sol is about 0.02 X 10-5 per gram. The Bredig 
sols were prepared by arcing a current of 
about 2.5 amperes of frequency 1200 kilo- 
cycles between nickel electrodes immersed in 
the dispersion medium. The flask containing 
the medium and the electrodes was immersed 
in a cooling bath consisting of ice water for 
the hydrosols and a mixture of solid carbon 
dioxide and alcohol for the alcosols. A current 


1C, G. Montgomery, Phys. Rev. [2] 38, 
1782 (1931). 

2 C. G. Montgomery, Phys. Rev. [2] 36, 
498-505 (1930). 

§ E. Hatshek and P. C. L. Thorne, Kolloid- 
Zeits. 33, 1-8 (1923); 36, 12-16 (1925). 
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of dried nitrogen was bubbled through the 
flask before and during the arcing. Around 
500 cc of a sol with a concentration of nickel 
of the order given in the table was produced 
by about twenty minutes of arcing. The radii 
ot the particles were determined by a rough 
count with a slit ultramicroscope. Measure- 
ments on the hydrosols were made as soon as 
possible after they were prepared as the value 
of the intensity of magnetization decreased 
with time as the nickel oxidized and in five or 
six days was indistinguishable from that of 
water. 

The extremely small percentage of uncom- 
bined nickel determined by these measure- 
Hatshek and 
Thorne*® have published analyses of the ma- 


ments is rather surprising. 


terial deposited on electrodes in a cataphoresis 
experiment on benzene-carbonyl! sols of this 
type. They treated the material with hydro- 
chloric acid in a nitrometer and measured the 
total amount of hydrogen evolved. From this 
they computed the proportion of uncombined 
nickel, and obtained values in the neighbor- 
hood of 80 percent of the total nickel. In no 
case have magnetic methods of measuring the 
purity given values over 7 percent. 

Hatshek and Thorne report the only other 
impurity in their sols as a carbonate of nickel. 
In the above table, while sol A was prepared 
by the method used by these authors, sol B 
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had any possible admixture of CO. removed 


from the gaseous mixture of CO and nickel 
carbonyl by absorption in soda lime just be- 
fore the nickel carbonyl was dissociated. The 
percentage of metallic nickel of the sols was 
improved by this, but it still remained very 
low. 

It is possible to explain this discrepancy 
otherwise than by contamination of the ma- 
terial used in the present experiments. It is 
now well recognized that the particles in metal 
sols obtain their charges by the adsorption of 
ions. The forces which hold these ions must be 
chemical in nature, since the adsorption is 
selective. Now it is quite reasonable to sup- 
pose that this weak binding is sutficient to de- 
stroy the ferromagnetic properties of nickel, 
and at the same time is so weak that chemical 
or mechanical manipulations will break it 
down. 

It would be extremely desirable to obtain 
further information relative to the validity of 
this supposition, as it should throw light upon 
some of the well known, but poorly under- 
stood, phenomena of ferromagnetism and ion 
adsorption. 

Caro G. MONTGOMERY 

Sloane Physics Laboratory, 

Yale University, 
December 12, 1931. 


A Hydrogen Isotope of Mass 2 


The proton-electron plot of known atomic 
nuclei shows some rather marked regularities 
among atoms of lower atomic number.! Up 
to O' a simple step-wise figure appears into 
which the nuclear species H1*, H® and He® 
could be fitted very nicely. Birge and Menzel? 
have shown that the discrepancy between the 
chemical atomic weight of hydrogen and 
Aston’s value by the mass spectrograph could 
be accounted for by the assumption of a hy- 
drogen isotope of mass 2 present to the extent 
of 1 part in 4500 parts of hydrogen of mass 1. 

It is possible to calculate with confidence 
the vapor pressures of the pure substances 
H!'H?!, H'H?, H'!H®%, in equilibrium with the 
pure solid phases. It is only necessary to as- 
sume that in the Debye theory of the solid 
state, 0 is inversely proportional to the square 
root of the masses of these molecules and that 
the rotational and vibrational energies of the 
molecules do not change in the process of va- 
porization. These assumptions are in accord 





with well-established experimental evidence. 
We find that the vapor pressures for these 
three molecules in equilibrium with their sol- 
ids should be in the ratio of put pei pu= 
1:0.37:0.29. The theory of the liquid state is 
not so well understood but it seems reasonable 
to believe that the differences in vapor pres- 
sure of these molecules in equilibrium with 
their liquids should be rather large and should 
make possible a rapid concentration of the 
heavier isotopes, if they exist, in the residue 
from the simple evaporation of liquid hydro- 
gen near its triple point. 

Accordingly two samples of hydrogen were 
prepared by evaporating large quantities of 
liquid hydrogen and collecting the gas which 
evaporated from the last fraction of the last 


1 Urey, J. Am. Chem. Soc. 53, 2872 (1931); 
Johnston, ibid., 53, 2866 (1931). 

2 Birge and Menzel, Phys. Rev. 37, 1669 
(1931). 














cubic centimeter. The first sample was col- 
lected from the end portion of six liters of liq- 
uid evaporated at atmospheric pressure, and 





the second sample from four liters evaporated 
at a pressure only a few millimeters above the 
triple point. The process of liquefaction has 
probably no effect in changing the concentra- 
tion of the isotopes since no appreciable 
change was observed in the sample evapo- 
rated at atmospheric pressure. 

These samples were investigated for the 
atomic spectra of H* and H® in a hydrogen 
discharge tube run in Wood's so-called “black 
stage” by using the second order of a 21 foot 
grating with a dispersion of 1.31A per mm. 
With the sample evaporated at the boiling 
point no concentration so high as had been 
estimated was detected. We then increased 
the exposures so that the ratio of the time of 
exposure to the minimum required to get the 
1! lines on our plates was about 4500:1. Un- 
der these conditions we found in this sample 
as well as in ordinary hydrogen faint lines at 
the calculated positions for the lines of H? ac- 
companying 773, H,, Hs. These lines do not 
agree in wave-length with any molecular lines 
reported in the literature.* However they were 
so weak that it was difficult to be sure that 
they were not ghosts of the strongly over- 





exposed atomic lines. 

The sample of hydrogen evaporated near 
the triple point shows these lines greatly en- 
hanced, relative to the lines of H'!, over both 
those of ordinary hydrogen and of the first 
sample. The relative intensities can be judged 
by the number and intensity of the symmetri- 
cal ghosts on the plates. The wave-lengths of 
the H? lines appearing on these plates could be 
easily measured within about 0.02A. The fol- 
lowing table gives the mean of the observed 
displacements of these lines from those of H! 
and the calculated displacements: 


Line Ha 
AA cale. 1.793 
Ad obs. 
Ordinary hydrogen -- 
Ist sample 
2nd sample 1.820 


The H/? lines are broad, as is to be expected 
for close unresolved doublets, but they are 
not as broad and diffuse as the H! lines prob- 
ably due to the smaller Déppler broadening. 
Although their intensities relative to the 
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ghosts of the respective H! lines appear nearly 
constant for any one sample of hydrogen, they 
are not ghosts for their intensities relative to 
the known ghosts are not the same in the case 
of ordinary hydrogen and of the 1st sample as 
they are in the case of the second sample. 
They are not molecular lines for they do not 
appear on a plate taken with the discharge 
tube in the “white stage” with the molecular 
spectrum enhanced (H?, was found as a slight 
irregularity on a microphotometer curve of 
this plate). Finally the H%, line is resolved into 
a doublet with a separation of about 0.16A in 
agreement with the observed separation of the 
H', line. 

The relative abundance in ordinary hydro- 
gen, judging from relative minimum exposure 
time is about 1:4000, or less, in agreement 
with Birge and Menzel’s estimate. A similar 
estimate of the abundance in the second sam- 
ple indicated a concentration of about 1 in 
800. Thus an appreciable fractionation has 
been secured as expected from theory.‘ 

No evidence for H* has been secured, but 
its lines would fall on regions of our plates 
where the halation is bad. 

The distillation was carried out at the Bu- 
reau of Standards by one of us (F.G.B.), who 
is continuing the fractionation to secure more 
highly concentrated samples. The spectro- 
scopic work was done at Columbia University 
by the other two (H.C.U. and G.M.M.) who 
are working on the molecular spectrum. 

Haroitp C. UREY 
F. G, BRICKWEDDE 
G. M. Mureuy 
Columbia University, 
New York, N. Y. 
Bureau ot Standards, 
Washington, D. C. 
December 5, 1931. 


Hz | Hy, Hi; 


.326 | 1.185 1.119 
1.346 1.206 1.145 
.330 1.199 | 1.103 
.315 1.176 


3 Gale, Monk and Lee, Astrophys. J. 57, 89 
(1928); Finkelnburg, Z. Physik 52, 57 (1928); 
Connelly, Proc. Phys. Soc. 42, 28 (1929), 

4 Keesom and van Dijk, Proc. Acad. Sci. 
Amsterdam 34, 52 (1931). 
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Possible Narrowing of Compton Line Breadth by Preferentially 





Directed Electron Momenta in Ceylon Graphite 


According to a theory of the author first 
published in Phys. Rev. 33, 643 (1929), the 
considerable natural spectral breadth of the 
Compton modified line was ascribed to the 
initial momenta of electrons in the scattering 
body and as one consequence a mathematical 
expression was derived for the behavior of this 
breadth as a function of the primary wave- 
length and scattering angle (formula 23, page 
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basic assum ption that the breadth of the Compton 
line is an effect of initial electron momenta. 

By an easy approximate analysis of the mo- 
mentum balance for the case of an electron 
with initial momentum, #77, making an angle 
¥ with an axis of reference which bisects the 
angle formed by the incident and scattered 
x-ray momenta the author has shown that 
only the component momentum along this axis 
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Fig. 1. 


657, above article). The breadth due to scat- 
tering by an assemblage of electrons all of the 
same speed fc but with perfectly random di- 
rection was given as 
A\ = 4p\* 
where A*¥ = 3(A.2 + Ay? — 2A-A1 cos 0)? 
6 = scattering angle 
A: = primary wave-length 
Ne = Ar + 2(h/me) sin? 30 
= Compton shifted wave-length for stationary 
electrons. 
Since A, is nearly equal to \y, formula (1) is 
nearly expressed by 
AX = 48; sin 30 


(1) 


(2) 
that is to say the breadth of the Compton line 
should be nearly proportional to primary 
wave-length on the one hand and nearly pro- 
portional to the sine of half the scattering 
angle on the other provided initial electron 
momenta are responsible for the breadth. 
Both these predictions have since been verified 
by the author in collaboration with H. A. 
Kirkpatrick with the multicrystal spectro- 
graph (Phys. Rev. 37, 136 (1931) and Phys. 
Rev. 38, 1094 (1931)). This verification gives 
excellent support for the theory and hence for its 





of reference contributes to the broadening of 
the Compton line (Phys. Rev. 38, 1094 
(1931)). 

Referring to Fig. 1 it turns out that the shift 
of wave-length for one elementary, scattering 
process by an electron of initial momentum 
making angle ¥ with the natural reference 
axis x, is given by 


Az — Ay = 2(k/me) sin? 30 
A cos sin 30 3 
sak c v) : ” 


The first term in the right hand member of 
this equation is the Compton shift while the 
second term explains the breadth given in 
Eqs. (1) and (2) when we consider the directions 
of electron momenta to be a random distribution. 

If, however, the directions of the initial elec- 
tron momenta are not random it is evident that 
the Compton line may be narrower than the 
value given in Eqs. (1) and (2). In particular 
if the momenta for some fairly large and iso- 
lated class of electrons in the scattering body 
are all restricted very closely to a plane nor- 
mal to the above natural axis of reference, 
then cos y in Eq. (3) will vanish and the con- 
tribution to the Compton line by these elec- 























trons should be a sharp line—the sharper the 
more accurately the restriction to this normal 
plane is fulfilled. 

Now it is possible that the outer electrons 
which may have very long orbits in some 
crystal lattices may be definitely related to 
the crystal structure. After considering a num- 
ber of crystalline elements in the hope of se- 
lecting one which might conceivably have 
outer electron orbits restricted in some fairly 
definite plane, Dr. Alexander Goetz of this 
Institute suggested that Ceylon graphite 
might meet the requirement. Ceylon graphite, 
which crystallizes in small flat hexagonal 
plates, cleaves practically only along (0001), 
i.e., in a direction parallel to the flake. Also it 
is highly diamagnetically anisotropic. 

Work was immediately started by Dr. Goetz 
and his collaborators to study Ceylon graphite 
and to prepare blocks of this material consist- 
ing of the tiny flakes stuck together with an 
adhesive 

By a very ingenious method described in 
detail by Dr. Goetz in the same issue of this 
Journal the flakes are compelled to align 
themselves horizontally so that the whole 
block forms a sort of artificial single crystal. 
Dr. Goetz found that by taking special pre- 
cautions (which he describes in his letter) 
amazing diamagnetic anisotropy ratios as high 
as twenty to one could be obtained for the 
blocks. This ratio can easily be acounted for 
by the assumption that the anisotropy of each 
flake is complete but that the flakes deviate by 
a “spread” of three or four degrees from mu- 
tual parallelism. This, together with the great 
disparity in cleavability parallel and perpen- 
dicular to the plate, lends hope that perhaps 
the orbits of the outer electrons in the flakes 
are fairly well restricted to one plane, though 
of course it is not absolute proof of this fact. 

The author proposes to employ a curving 
scattering body made out of blocks of this es- 
pecially prepared Ceylon graphite as a scat- 
terer in the multicrystal spectrograph. If the 
outer electrons describe orbits which are 
nearly plane and parallel to the plane of the 
graphite flake then the flakes should be placed 
so that the normal to their flat faces bisects 
the angle between the primary and scattered 
x-ray beams. Under these conditions we may 
expect perhaps to get a very narrow spectral 
contribution to the Compton shifted line from 
the scattering by the outer electrons. This nar- 
row peak will of course be superposed upon a 
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broader base due to the contribution to shifted 
scattering of the remaining electrons in the 
graphite crystals. 

The construction of the special graphite 
scatterer is now well advanced and the results 
should be obtained in a few weeks. 

It is interesting to consider the bearings 
that either positive or negative results in this 
experiment may have in several fields of phys- 
ics. 

First, if the result is positive and a narrow 
shifted line appears: 


1. This will be a tremendously convincing 
corroboration of the correctness of the au- 
thor’s explanation of Compton shifted line 
breadth as an effect of atomic electron veloci- 
ties; for if the breadth can be shown to depend 
on the orientation of the crystalline scatterer 
the cause of the breadth must be some vector 
quantity (the electron momentum). If the 
breadth is to be explained in this way, its ex- 
istence and amount are of the greatest impor- 
tance since they furnish direct experimental 
evidence of the dynamic atom with electron 
velocities of the order of magnitude postulated 
by Bohr (still present with only slight modifi- 
cation in the more modern theory of quantum 
mechanics). All other spectral evidence for the 
dynamic atom must be considered as ex- 
tremely indirect since such evidence is based 
on observations of energy effects. The observa- 
tions on the breadth of the Compton line and 
its behavior constitute direct observations of 
atomic electron momentum in which respect 
they are unique. Energy may be either kinetic 
or potential but momentum can mean only 
one thing—motion. 

2. Several reliable investigators, using the 
double crystal spectrometer, have reported 
much narrower Compton shifted lines than 
those obtained by the author and his co- 
workers. Some of these men, in particular 
P. A. Ross, in later investigations have ob- 
tained results which agree very satisfactorily 
with ours, however. Furthermore, those who 
obtained narrower line structures than ours 
disagree with each other to some extent as to 
the breadth. All of these men used graphite 
scatterers. lf the author's guess proves correct 
and a positive result is obtained in the experi- 
ment now under discussion these perplexing 
disagreements may perhaps be completely ex- 
plained. The author's broad line structures 
were the result of scattering from synthetic 
Acheson graphite, which is practically amor- 
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phous (or if it contains microcrystals, their 
orientation must be completely random). On 
the other hand, the investigators in disagree- 
ment with the author, and with each other in 
respect to line breadth, may have used crys- 
talline graphite more or less fortuitously ort- 
entated so as to produce narrower Compton 
lines. In this connection it is interesting to 
note that on the author’s theory any departure 
from perfectly random electron momenta will 
have some narrowing effect. 

3. If the results are positive it may be pos- 
sible from this experiment to obtain exceed- 
ingly valuable information as to the behavior 
of the outer electrons in crystalline graphite. 
If these electrons in preferentially orientated 
orbits form an isolated class well differentiated 
from the remainder, it may be possible to de- 
termine their number relative to the total 
number of electrons by comparing the area of 
the sharp peak they contribute with the area 
of the broader structure associated with the 
remainder. The interesting bearing of this ex- 
periment on the explanation of diamagnetism 
in crystals is also evident. The breadth of the 
narrow peak will give perhaps some evidence 
as to the degree of flatness of these preferen- 
tially orientated graphite crystal orbits. Many 
interesting considerations bearing on the na- 
ture of the solid state of matter and the me- 
chanical properties of solid bodies may be 
closely connected with just such questions. 


The Production of Large 


There are two problems brought into the 
focus of interest very recently which seem to 
make it desirable to obtain single crystals of 
graphite of several cm size free from occlu- 
sions and chemical impurities. 

One problem because of which possible 
methods of producing such crystals had to be 
considered is the investigation of the depend- 
ence of crystal diamagnetism on the size of 
crystals below certain “critical” dimensions as 
has been studied by Vaidyanathan,! Rao,? 
Mathur and Varma,’ and in our laboratory in 
connection with other effects influencing crys- 
tal diamagnetism.! 

The desirability of producing crystals of 
graphite was furthermore enhanced by the ex- 
periments on the Compton radiation from 
Acheson graphite by Dr. DuMond of this In- 
stitute, where the spectral breadth of the 
modified line has been interpreted by him® as 
due to the fact that the momenta of the elec- 
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Second, if the results are negative and no 
narrow line appears: 

1. This will decidedly not be negative evi- 
dence for the author's theory of Compton line 
breadth as an effect of atomic electron veloci- 
ties. That theory is the only one yet proposed 
which satisfactorily explains the observed be- 
havior of the breadth as a function of scattering 
angle and primary wave-length and this is the 
strongest possible argument for its correctness. 

2. A negative result can be interpreted only 
as evidence that the outer electron momenta in 
the graphite crystals are not preferentially 
orientated as postulated above. It will not 
necessarily mean that the outer electron orbits 
are not conditioned geometrically by the crys- 
tal structure for they may each depart so far 
from flatness as to approximate an almost 
random distribution of direction. Or again 
they may be flat but have such a large number 
of quantized orientations as to approximate a 
random distribution to within the power of 
detection afforded by this method. Thus even 
a negative result will be to some extent infor 
mation as to the dynamics of outer electrons 
in solids. 


Jesse W. M. DuMonp 


Norman Bridge Laboratory of Physics, 
California Institute of Technology, 


“ 


December 5, 1931. 


Artificial Graphite Crystals 


trons of the atomis of the scatterer are oriented 
at random in a microcrystalline material such 
as artificial graphite. These considerations led 
to the planning of the use of single crystalline 
scatterers as described by him in detail in a 
letter in this issue of the PHysicaL REVIEW. 
Since the occurrence of single crystals of 
graphite in nature, sufficiently large and per- 
fect for the proposed types of experiments, is 
too scarce, (for DuMond’s multicrystal spec- 


1\.L. Vaidyanathan, Ind. Journ. of Phys. 
5, 559 (1930). 

2S. R. Rao, Ind. Journ. of Phys. 6, 241 
(1931); Nature 128, 153 (1931). 

3R. N. Mathur and M. R. Varma, Ind. 
Journ. of Phys. 6, 181 (1931). 

4 A. Goetz and A. B. Focke, Phys. Rev. 38, 
1569 (1931). 

5 J. W. M. DuMond, Phys. Rev. 33, 643 
(1929). 
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trograph not less than 50 equal crystals of ca. 
101030 mm are needed) a method for 
artificial production had to be developed. 

The usual ways of crystal growth by crys- 
tallization out of the liquid phase or by re- 
crystallization however are unfeasible because 
of the high vapor pressure of graphite in these 
temperature regions. One way out of this diffi- 
culty is given by the abundant natural occur- 
rence of almost single crystalline graphite 
powder, represented by the flake-like consist- 
ency of the Ceylon-mineral. The particles of 
this powder are thin plates, only a few microns 
thick and 3-0.01 mm in diameter; the planes 
of these plates coincide more or less with 
(0001) which is the principal cleavage plane. 
A system of lines on these planes indicates the 
existence of twinning or gliding planes of 
rhombohedral character.® The imperfection of 
these planes of the natural graphite is however 
very large and causes the thickness of the 
plates to be very irregular. A high powered 
microscope shows that this is due to adhering 
lamellae of other individuals, as shown in the 
microphotograph Fig. 1. In order to obtain 
large crystals it was planned to pile these 
flakes in such a way as to orient their principal 
axes all parallel and to fix them in this position 
by means of a neutral adhesive. Experiments 
however showed that this was not possible be 
cause of the mentioned imperfection of the 
(0001) planes. 





Fig. 1. Microphotograph of the surface of 
a flake of untreated Ceylon graphite, 495 < 
magnified. It shows the inhomogeneity due to 
adhering crystal fragments. 


The conjecture that the imperfections of 
the flakes were due to impurities proved to be 
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right, since the measurements of the magnetic 
susceptibilities by Mr. Focke of this Institute 
on those crystal cakes showed large amounts 
of iron which necessitated the use of a thor- 
ough extraction method with HCI worked out 
by Dr. Faessler. Repeated magnetic and 
chemical tests proved the necessity of extract- 
ing for periods of several days after which 
time no ferromagnetic susceptibility could be 
traced. The microscopic observations however 
did not show much improvement of the cleav- 
age planes but the presence of SiO, deposits on 
the (0001) planes was found with the polariza- 
tion microscope. Therefore the graphite un- 
derwent first a treatment in HF before the 
iron was extracted. Now the cleavage planes 
were almost perfect although the size of the 
flakes had decreased considerably by the 
chemical process. Fig. 2 shows a microphoto- 
graph of such a plane which shows now only 
a pattern of small holes similar to etching fig- 
ures, 





Fig 2. Microphotograph of the surface of a 
flake from which SiO. and Fe were removed 
(0001) plane, 495 X magnified. The surface is 
much more uniform and shows a pattern indi- 
cating the crystallographic symmetry. 


From the investigations of Honda and Soné? 
it is known that graphite crystals show an un- 
usually large diamagnetic anisotropy, such 
that the susceptibility parallel to the axis 
[0001 | is 7 times large than perpendicular to 
it, Whereas the azimuthal variation of the sus- 
ceptibility is apparently zero, a phenomenon 


6 P. Niggli, Spezielle Mineralogie Pag. 361. 
7K. Honda and N. Soné, Sc. Rep. Tohoku 
Univ. 2, 1 (1913). 
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which now is almost to be expected from the 
knowledge of the lattice arrangement. This 
large anisotropy 
method of lining up the perfected flakes: the 


suggests immediately a 
purified flake powder was suspended in a solu- 
tion of 3 percent gum Damar in benzene and 
was then allowed to settle within the inhomo- 
geneous field of a strong electromagnet. After 
the flakes had settled, the benzene was evapo- 
rated and a cake was obtained which possessed 
considerable rigidity due to the adhesive qual- 
ities of the gum, It is obvious that it is very 
easy to produce such artificial crystals of any 
size desired. A large advantage of this method 
is the possibility of using the Gouy method for 
the exact determination of the magnetic quali- 
ties of the graphite crystals with respect to the 
orientation, which measurement can also 
serve as indicator of how well the flakes are 
lined up. 

Mr. Focke performed these measurements 
which show the effect the perfection of the 
cleavage planes have on the anisotropy of the 
artificial crystals, being largely influenced by 
quartz deposits. Crystal blocks free from Fe, 
however, in presence of SiO, showed aniso- 
tropy (x, x.) =4 which is much less than 
Honda's observation on a natural crystal. If 
however the quartz is removed by HF the ani- 
sotropy is increased to 13.2. There can be little 
doubt that the line-up of the flakes is still im- 
perfect and estimates of the possible variations 
seem to indicate that the true anisotropies 
may reach values up to 20, assuming the va- 
lidity of the relation: 


Xi = xj — (x) — Xe)/sin® ¢, 


where ¢ designates the mean deviation of the 
flakes from the correct direction. Fig. 3 shows 
a photograph in almost natural size of such an 
artificial crystal broken so as to show the ar- 
rangement of the flakes. With the exception of 
the tin-alloyed Bi crystals‘ these crystals show 
by far the largest anisotropic diamagnetism 
known so far. 

The method described can be modified in 
order to measure the oriented susceptibilities 
of very small crystals, as is essential for the 
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investigation of the dependence of crystal di- 
amagnetism on the dimensions of the particle. 
For this purpose the purified flakes are ground 
under special precautions and the powder ob- 
tained is settled in an agar solution in order to 
segregate in different sizes. As soon as the 


at 
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¥ 
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Fig. 3. Photograph of an artificial graphite 
crystal of approximately natural size. The 
crystal was broken to show the alignment of 
the flakes. 


largest particles have settled, the agar solu- 
tion is solidified, thus fixing each particle in its 
position. If the whole process is performed in 
an inhomogeneous magnetic field, all particles 
are forced into positions which are crystallo- 
graphically parallel. Thus the agar block 
forms a kind of a graphite single crystal in 
which each horizontal layer consists of parallel 
particles of the same size, the susceptibility 
and anisotropy of which is easy to determine. 
The results obtained from these “crystals” 
are thought to contribute an interesting addi- 
tion to our knowledge of the nature of the 
crystal electrons. 
ALEXANDER GOETZ 
ALFRED B. Focke 
ALFRED FA\ESSLER 
California Institute of Technology, 
Pasadena, California, 
December 7, 1931. 


Some Remarks on the Theory of Photoelectric Effect on Metals 


In the July, 1931, issue of this Journal ap- 
peared a paper by Frenkel,! containing among 
other matters a criticism of a theory of photo- 


1 J. Frenkel, Phys. Rev. 38, 309 (1931). 


electric effect on metals, advanced recently by 
Mr. Schubin and me.? It is easy to see that 


* Ig. Tamm und S. Schubin, Zeits. f. Physik 
68, 97 (1931). 
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this criticism was largely based on misunder- 
standing. 

One of the two main arguments advanced in 
Frenkel’s criticism runs as follows. Frenkel 
says (reference 1, p. 317): “Tamm and Schu- 
bin actually made a hypothesis that (in met- 
als) there are besides the absolutely free elec- 
trons another group of relatively bound 
(Bloch’s) electrons, which enter into play at 
a threshold frequency v,’>v,,” and proceeds 
to criticize this “hypothesis,” which of course 
we never thought of advancing. The fact is, 
that having mentioned the well-known facts, 
that a completely free electron is not able to 
absorb a photon and that a conduction elec- 
tron in the metal is not free, but bound (1) by 
the potential barrier at the surface of the 
metal and (2) by the periodic field of the metal 
lattice, we proceeded to discuss separately the 
influence of these two different modes of bind- 
ing on the absorption of photons by electrons. 
As the first kind of binding can be accounted 
for even in the simple Sommerfeld theory of 
“free electrons,” we used this first approxima- 
tion to evaluate the corresponding part of the 
complete photoelectric action. But to account 
for the periodic field of the lattice it was of 
course necessary to use a better kind of ap- 
proximation to actual conditions; i.e., to use 
Bloch’s theory. In this manner we were able 
to establish that although of course a/l the 
conduction electrons in the metal are of one 
and the same kind, there are two different 
mechanisms of photoelectric action (the sur- 
face and the volume effect) with widely differ- 
ent characteristics. The only hypothesis 
actually made by us is, that in the first ap- 
proximation these two mechanisms, corre- 
sponding to two modes of binding mentioned, 
may be treated separately. 

As to the second argument of Frenkel (ref- 
erence 1, p. 316): citing numerical data, used 
by us, Frenkel says, that Tamm and Schubin 
get for the potential energy jump across the 
surface of the metal C a value of “about 2 
volts,” whereas the evidence of cathode ray 
diffraction indicates that C varies between 12 
and 20 volts for different metals. He concludes 
that the Fermi-Sommerfeld theory used by us 
is fallacious. Mentioning at last a theory pro- 
posed by himself in 1928,5 Frenkel says that 
this theory enables one to calculate the values 
of C “in good agreement with experimental 
data,” using only the data for the photoelec- 
tric threshold frequency. 
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The actual facts may be gathered from the 
following table, containing the values of C in 
volts for the metals K, Na, Ag and Au: (1) 
given by Rupp,‘ as derived from the evidence 
of cathode ray diffraction measurement (first 
line), (2) derived by summing up the energy 
hv, of the threshold frequency photon, as 
measured experimentally, with the zero point 
maximum electron energy 


mh? /3n\ 2/8 
“= () 
2 \8r 


calculated according to the Fermi-Sommer- 
feld theory of free electrons (these values were 
used by us in our paper) and (3) calculated 
according to the above mentioned Frenkel's 
theory of 1928 (third line). 


TABLE I. Potential jump C for different 
metals in volts. 


Method 
1. Rupp (C2) 
2. Fermi (C;) 

3. Frenkel : 9 24.7 


It will be seen that the values of Rupp and 
of “Fermi” differ by a factor 1.4-1.8, and not 
by a factor 6 or 10, as one is apt to conclude 
from Frenkel’s paper. Further the “Frenkel” 
values are by no means in better agreement 
with the values of Rupp, than the values of 
“Fermi”; if anything the reverse is the case. 

Still, I am inclined to think that the differ- 
ence of the values of C derived from the evi- 
dence of cathode ray diffraction (Ca) and 
those, calculated according to the theory of 
free electrons, (C;) is a real one and can 
scarcely be completely accounted for by the 
fact, that the theory used in the calculations 
is an approximate one.’ The explanation of 
this discrepancy seems to lie in the simple fact, 


3 Frenkel, Zeits. f. Physik 49, 31 (1928). 

*Rupp, Elektronen-Interferenzen (Leip- 
ziger Vortriige), Leipzig, 1930, p. 7. 

5 To bring the calculations into agreement 
with the cathode ray diffraction measure- 
ments, Rosenfeld and Witmer, Rupp and oth- 
ers suppose, that, e.g., in the case of Ag and 
Au, the number of free electrons in the lattice 
is not equal to the number of atoms, but is 
twice as large. This hypothesis seems very 
artificial, especially if applied to the case of 
potassium. 
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that Cuand C; are actually two different phys- 
ical quantities. 

The energy spectrum of an electron in a 
crystal lattice consists of an succession of 
(practically) continuous bands of allowed lev- 
els, each band corresponding to an energy 
level of an isolated atom. The lower bands are 
occupied by the inner electrons of the atoms 
up to a certain band number n say, only 
half of which is occupied (at the temperature 
T=0) by the valency (i.e., conduction) elec- 
trons (we confine our attention to the metals 
of the first group, having one valency electron 
per atom). 

To use the theory of free electrons means to 
ascribe to the lowest level of the band number 
n (i.e., to the valency electron of the least en- 
ergy) the potential energy—C;, and the kinetic 
energy sero and to calculate the distribution of 
the energy levels lying higher than this par- 
ticular level according to the Fermi statistics, 
disregarding the periodic field of the lattice 
and the fact, that the energy values, lying be- 
tween successive allowed bands n, n+1, 
n+2... are forbidden (if the bands do not 
overlap). Since all the electrons in a metal 
possess in reality both potential and kinetic 
energy, it follows, that the “potential jump” 
Cy is actually an (approximate) measure of 
the whole (potential and kinetic) energy 
Wo= Uot+To of the “bottom valency electron” : 


Cy = — Wo = — (Uet+ To). 


Since Up and T» have opposite signs, Cy is 
smaller than — Uo. 

Actually one does adjust the value of C; not 
to the least possible energy of an valency elec- 
tron Io, but to the work function hy,, which 
can be measured experimentally. It means, 
that one ascribes to the uppermost level, oc- 
cupied at the temperature T=0 by valency 
electrons, the energy —/y,, and calculates Cy; 
from the relation C; = eo +hv,. Since the actual 
spreading of energy levels within an allowed 
band is smaller, than the spreading ¢€o, calcu- 
lated according to the theory of free electrons, 
this value of Cy will be somewhat larger, than 
Wo. 

On the other hand the value Ca, as derived 
from the cathode ray diffraction measure- 
ments, is by definition numerically equal to 
the mean potential energy of an electron in 
the lattice. 
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When comparing Cy; with Cy we have fur- 
ther to take in account, that “the mean po- 
tential energy” U> of the bottom valency 


electron is equal to 
yl lo . 
fi |Wo|*-dl ’ 


where yo is the wave function of this electron, 
whereas the quantity Cuz, also designated as 
“the mean potential energy,” is independent 
of y:6 


Uo ad 


Co «itt v) [ var. 


It follows, that if the valency electron is in an 
s-state, Ca must be somewhat smaller than 
—Uo, since |y¥y? increases when one ap- 
proaches the positive nucleus.’ 

Thus the relation between C; and C, is some- 
what complicated. Still, as C;~—(Uo+To) 
and Ca~— Uo, one may expect theoretically 
Cato be greater than C; and the difference be- 
tween their values to be of the order of magni- 
tude of several volts, as is actually the case. 

I will not enter into a criticism of the theory 
of photoelectric effect in metals, proposed by 
Frenkel in the paper cited, because he has in- 
formed me that he no longer advocates this 
theory. 

I may add, that Professor Frenkel has given 
me permission to state, that he now considers 
his criticism, advanced against our (Schubin’s 
and Tamm's) theory, to have been based on 
a misunderstanding and withdraws the argu- 
ments mentioned above. 

Ic. Tama 

University of Moscow 

November 30, 1931 


6 Bethe, Ann. d. Physik 87, 55 (1928). Ac- 
cording to the more elaborate theory of 
Morse, Phys. Rev. 35, 1310 (1930) (cf. Eq. 
(24)) Ca seems to have a somewhat larger 
value. Both Bethe and Morse suppose the 
field of the lattice to end abruptly at the sur- 
face of the metal. This simplification can 
hardly be justified in the case of relatively 
slow cathode ray electrons, with which we 
are concerned here. 

7 Further, when calculating Cy one has to 
take in account the field of all the electrons in 
the metal, whereas when calculating U» one 
has to leave out the field of the valency elec- 
tron considered. 
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BOOK REVIEWS 


Constitution of Atomic Nuclei and Radioactivity. G. Gamow. Pp. 114, figs., 40. Oxford 
University Press, 1931. Price, $3.50. 

This is the second book to appear in the Oxford International Series of Monographs on 
Physics, which began with Dirac’s well-known volume. Dr. Gamow here presents the first book, 
to the reviewer's knowledge, on what may be termed the quantum-mechanical in distinction 
from purely empirical study of nuclear structure. Some of the most exciting developments in 
theoretical physics in the past two or three years have been concerned with atomic nuclei. 
Consequently the appearance of Dr. Gamow’s monograph is particularly timely and interesting. 

It is now becoming quite widely known that the phenomenon of nuclear decay is to be 
attributed to the quantum-mechanical leaping of classically unsurmountable barriers. An 
alpha-particle which classically would be sentenced to abide for eternity in a crater of potential 
energy has in quantum mechanics a finite probability of passing the rim of the crater and coast- 
ing out to freedom. This phenomenon has been remarkably fruitful in clarifying theoretically 
the Geiger-Nuttall relation between the ranges of alpha-particles and radioactive decay con- 
stants. Passing to another field, information on nuclear spin is continually being deduced from 
hyperfine structure and band intensity measurements. 

The topics mentioned in the preceding paragraph are all discussed in Dr. Gamow’s book— 
also, however, still more recent and so more unfamiliar, though no less spectacular develop- 
ments in the correlation of the velocities of alpha-particles with the frequencies of gamma-rays 
and with excited states of the nucleus. For instance, Rosenblum has observed anomalous alpha- 
particles with energies smaller than usual by a given amount x. Also, y-rays have been measured 
having v=x h. The obvious interpretation is that sometimes the nucleus is left in an excited 
rather than normal state after the alpha disintegration. In this case the escaping alpha-particles 
are the abnormally slow ones, while reversion of the nucleus to the normal state gives the 
gamma-rays. It has even been found possible to excite some of the gamma-rays artificially by 
alpha-ray bombardment, thus evidencing critical potentials of the nucleus. One can also now 
differentiate between various types of artificial disintegration whereby a proton is driven out 
of the nucleus. Sometimes the bombarding alpha-particle is captured by the nucleus, sometimes 
it is not, and sometimes, in accord with theory, there is a resonance phenomenon in which alpha- 
particles of certain particular velocities are abnormally effective in disintegrating the nucleus. 

All phenomena such as those just mentioned show that alpha-particles and protons in the 
nucleus behave on the whole quite respectably and have many of the properties of ordinary 
quantum mechanical systems. Not so with electrons. There is even considerable evidence point- 
ing to the conclusion that in the nucleus the electrons lose completely all their normal properties. 
In fact the law of conservation of energy fails unless one postulates the Pauli neutron, which 
incidentally is a hypothesis too recent for mention in Gamow’s book. In the original manuscript, 
all paragraphs dealing with nuclear electrons were set off by skull and crossbones, but in the 
actual printing this has, alas, been changed to the rather colorless symbol ~. 

The style of writing is bright, concise, and lucid. Although the preface states that “the book 
is written from a theoretical point of view and no details of experimental methods are given,” 
this should not be construed as meaning that the content is primarily mathematical. Quite the 
contrary, our existing nuclear models are so crude that only the most elementary quantum- 
mechanical methods are needed and mathematical polish is out of the question. 

Perhaps the most serious criticism which can be made of the volume is the rather lackadaisical 
absence of all references to theoretical work. In the preface the author agrees to document with 
experimental but not with theoretical references. Consequently it is hard to know who has 
worked in the field, and where to go for supplementary reading. Not once, for instance, do the 
names of Gurney and Condon appear in the entire volume. A few references to the mathematical 
literature would also not have been amiss where questions of rigor (convergence, Stokes phe- 
nomenon, etc.) have very properly been omitted in the interest of simplicity. 

J. H. Van VLECK 
University of Wisconsin 
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Rotation of a Rigid Body in Quantum Mechanics. H. B. G. Casimir, Diss. Leiden, 1931. 
Pp. 112. Published by J. B. Wolters, Groningen. 


One of the most interesting problems in any system of mechanics is the rotation of a rigid 
body. The classical theory, the matrix mechanics and the wave mechanics all contribute some 
part to its solution and it is most illuminating to have the various methods of attack collected 
together in one small book. This has been attempted by Casimir and although his work is far 
from exhaustive, as indeed would be impossible in so few pages, some of the principal results 
have been very ably described. Perhaps a little too much space is given to the classical theory 
but it is done in such a way as to make clear the generalisations to the quantum theory. Again, 
little is said about the important work of Kramers and Ittmann, the reader being referred to the 
original papers. The first chapter is devoted to the classical theory. The second is very good and 
is a synopsis of the work of Kleinand Wang, containing the results of earlier workerson thesym- 
metrical top as special cases. It deals with the selection rules and transition probabilities of the 
symmetrical top and the four types of wave functions of the asymmetrical top, together with 
its selection rules. In the third and fourth chapters a sketch is given of the connection between 
the theory already developed and the theory of the group of three-dimensional rotations, and 
some interesting theorems on the eigenvalues and functions of differential operators are stated. 
The last chapter is concerned with the form of the Hamiltonian function for the motion of a 
polyatomic molecule. In general this proves too difficult a problem but it can be solved in two 
simpler cases, the superposition of which can be considered to give the general molecules. It 
yields the well-known result that the motion can be divided up into rotations and vibrations, 
together with some knowledge of the interaction terms. 

The book will be found useful for giving a rapid insight into the work which has been done 
on the quantum theory of the top. 

W. G. PENNEY 
University of Wisconsin 


Problems in Physics. WittiAm D. Henperson. Pp. ix+245, Figs. 206, McGraw-Hill 
Book Company, New York, Second edition, 1931. Price $2.25. 

One of the greatest difficulties in presenting problems in physics, is to get the student to 
visualize the conditions presented in the problem. To develop such a practice, if one can do 
nothing more than draw a line and make a few points for the simpler cases, eventually leads to 
a method which is of the utmost advantage in the more difficult examples. 

Before each different group of the problems in this book is presented, the principles and 
basic formulas involved are discussed. There are also figures in each case showing the specific 
dimensions represented by the various factors used in the formulae. Before each of these groups 
a number of typical illustrative problems have been carefully analysed and worked. In this re- 
spect the text affords much assistance in the visualization of problems. There is a total of 835 
problems, covering all the subjects in physics, including radiation examples in heat, light and 
electricity. 

Another commendable feature is the use of both metric and British units. It is highly de- 
sirable to become as versatile in one system of units as in the other, and a clearer conception of 
a definition is obtained when it is interpreted in the different units. 

Very few of the problems have the answers given. This is a much discussed subject among 
instructors. Which is the better system, probably depends on how the system is used. 

The book is also quite self-contained in that it presents some thirty-seven tables of equiva- 
lents and physical constants. The grade of problems presented is such as can well accompany 
the general course in physics given in technical schools, colleges and universities. 

L. F. MILLER 
University of Minnesota 








JANUARY 1, 1932 PHYSICAL REVIEW VOLUME 39 


PROCEEDINGS 
OF THE 


AMERICAN PHYSICAL SOCIETY 
MINUTES OF THE CHICAGO MEETING, NOVEMBER 27-28, 1931 


The 173rd regular meeting of the American Physical Society was held in 
Chicago, Illinois, at the Ryerson Physical Laboratory and Eckhart Hall of 
the University of Chicago on Friday and Saturday, November 27 and 28, 
1931. The presiding officers were Dr. W. F. G. Swann, President of the 
Society, and Dr. P. D. Foote, Vice-president. 

On Friday evening the Physical Society had a dinner at the Hotel Winder- 
mere. There were eighty-five present. President Swann presided. The after 
dinner speakers were H. G. Gale, P. D. Foote, A. H. Compton and H. A. 
Barton. 

Meeting of the Council. At its meeting held on Friday and Saturday, 
November 27-28, 1931, one person was elected to fellowship, three trans- 
ferred from membership to fellowship, and thirty-two elected to membership. 
Elected to Fellowship: Willi M. Cohn. Transferred from Membership to Fellow- 
ship: James W. Broxon, R. A. Castleman Jr., and Louis Thompson. Elected to 
Membership: Hans Benndorf, Mark D. Butler, C. Hawley Cartwright, Merril 
Distad, Allice Hartley, Malcolm H. Hebb, Raymond G. Herb, Lyman B. 
Johnson, Shannon Jones, Louis C. Jordy, S. Kalandyk, Atusi Kobayasi, 
Henry N. Kozanowski, Mary Louise Kropp, Robert A. Merrill, Zen’emon 
Miduno, Henry J. Miller, Nubuo Motida, L. A. Murray Jr., Gladys I. Nason, 
Saizo Ohno, Gerald L. Pearson, Edith H. Quimby, Masaaki Sasao, Gordon 
B. B. M. Sutherland, D. C. Swanson, G. A. Van Lear Jr., I. Walerstein, 
Sinzi Watanabe, F. Lorraine Yost, Hughes M. Zenor and William A. Zisman. 

The regular scientific program of the Society consisted of 57 papers, 
numbers 17, 19, 32, 33, 41, 49 and 52 were read by title. Paper number 33 as 
printed in Bulletin, Vol. 6, No. 5, was removed from the Proceedings at the 
request of the author. The abstracts of these papers are given in the following 
pages. An Author Index will be found at the end. 

W. L. SEVERINGHAUS, Secretary 


1. X-ray diffraction of ethyl ether at the critical temperature. WALDEMAR NoLL, Uni- 
versity of Iowa.—X-ray diffraction ionization curves were obtained for ethyl ether at 43.16 
kg/cm? pressure with temperatures in the range from 25°C to 210°C. Liquid and gas types of 
curves were obtained. In the former case, there is a broad peak at 7.5° at 25°C with a decrease 
in the direction of both smaller and larger angles. In the gas type, the curve from a point near 0° 
falls rapidly with increasing angle but with the slope decreasing in magnitude. Immediately 
below the critical temperature is a combination of the two types, falling rapidly near 0°, then 
rising to a distinct peak and again falling with increasing angle. Because of the accentuation of 
general radiation by transmission through the aluminum vessel, the position of the peak is not 
that caused by ether alone, about 8.5° MoKa. If the height of peak be plotted with temperature, 
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the curve has a course much similar to that of the latent heat of vaporization-temperature 
curve, decreasing more and more rapidly to the limiting value, zero, at the critical temperature. 
The experiments are in accord with the view of “cybotactic grouping” of the molecules occurring 
through the action of all the molecular forces including those which delineate the volume of a 
molecule. 


2. X-ray diffraction with the two liquid phases of ethyl ether and nitrobenzene. G. W. 
STEWART, University of Jowa.—Wolfke and Mazur have found two liquid phases in ethyl] ether 
and in nitrobenzene. The temperatures of transformation at atmospheric pressure are respec- 
tively —105.4°C and 9.5°C. The corresponding freezing points are —117.2°C and 5.7°C. The 
value of the latent heat of transformation for ethyl ether is 0.07 cal./gram and for nitrobenzene 
is unpublished. X-ray diffraction measurements, using MoKae radiation, were made in the 
neighborhood of these transformation points with the result that distinctly rapid changes in 
the cybotactic groups were found for the ethyl ether and a noticeable change for the nitro- 
benzene. The x-ray diffraction measurements of liquids in general show a variation of “group- 
ing” of the molecules with temperature. It becomes apparent that this variation may not al- 
ways be continuous and when discontinuous may be accompanied by a latent heat of trans- 
formation, The statistical mechanism of the transformation is understood if explained in terms 
of the cybotactic groups. 


3. A 600 k.v. x-ray plant. F. K. Ricutmyer, H. A. Barton, AND M. T. Jones, Cornell 
University. —A 600 kv, two-section x-ray tube with an induction coil voltage source has been 
described in the General Electric Review by Dr. W. D. Coolidge. This tube has been loaned 
to Cornell University. The installation is in a separate building so situated that no lead housing 
for the tube is necessary. The walls of the building are of thick stone. Rays going through win- 
dows and roof will pass above all other structures. The distance to the latter is such that inverse 
square law provides ample protection from scattered rays. The door of the building is in the 
shadow of a lead house—to protect operator and instruments—of which the exposed wall is } 
inch thick while sides, back and roof are 3 inch thiick. All operations are carried out from the 
operator’s house by remote control of a special power switchboard. Visual operation is provided 
by a periscope arrangement. Door switches, water switches, interlocking control relays, and 
other safety devices provide against accidents to persons or plant. The size of the focal spot 
is varied by means of a magnetic focusing coil and may be made as small as one centimeter 
diameter for a tube voltage of 500 kv. 


4. Comparison of 700,000-volt x-rays and gamma-rays. G. FAILLA, Memorial Hospital, 
New York.—The cascade x-ray tube developed by Dr. Coolidge, of the General Electric Com- 
pany, has been in operation at the Memorial Hospital since June. The tube is designed for a 
maximum voltage of 900,000 volts, and has been run at 850,000 volts for short intervals. It can 
be operated conservatively and for long periods of time at 700,000 volts and 5 milliamperes. 
The radiation output of the tube has been determined both as to intensity and quality, at differ- 
ent voltages. At 700,000 volts and 5 milliamperes the radiation emission, through a filter of 
5 mm of copper, is equivalent to the gamma-ray emission of 400 to 600 grams of radium, depend- 
ing on the criterion of equivalence chosen. This radiation can be measured by ionization after 
passing through 4 cm of lead. With the tube running several hours a day, the question of pro- 
tection of personnel assumes great importance. The protective means employed will be illus- 
trated. Absorption curves for different materials will be shown. These were determined under 
comparable conditions for x-rays at 200,000 to 725,000 volts and gamma-rays of radium. 


5. Discrepancies in M-series absorption edges of heavy elements. CHARLES WHITMER, 
Olivet College-—The M;, M;, and M; absorption edges have been measured for tantalum. The 
theoretical positions of these edges as computed from the L; edge differ by 2.9 units (in terms 
of v/R) for the M, and M; edges; the discrepancy for M; in within the experimental error. The 
M,, and M2 edges could not be measured. These results agree with other results obtained at 
Iowa and at Upsala, showing quite generally among the heavier elements discrepancies of sev- 
eral units for the M, and Ms edges and comparatively small ones for the 4, M2: and M; edges. 
Siegbahn explains these discrepancies as due to line absorption by M2 and M; electrons involv- 
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ing transitions to the O45 levels which are known to be unfilled for the elements below gold. 
The explanation probably does lie in line absorption but the particular transitions postulated 
by Siegbahn scarcely account for the results. The M; level more nearly represents true ioniza- 
tion than does the L; and may well be used as a reference level. 


6. Peripheral x-ray levels of the heavy elements. J. A. ELpripGe, University of Iowa.— 
The discrepancies found in x-ray absorption levels are accounted for if it is assumed that elec- 
trons can only be displaced in absorption from the M,,s levels to levels in the energy diagram 
above the Sommerfeld free electron layer but from levels of smaller eccentricity transitions to 
other lower postulated levels are permitted. Such results throw much light upon the arrange- 
ment of the outer electrons in the elements of high atomic number. For the heaviest elements, 
thorium and uranium the transitions are all within the free gas layer and the discrepancies con- 
sequently smaller. 


7. Variation in the effective lattice constant of crystals with wave-length. J. M. Cork, 
University of Michigan.—This investigation is carried out in order to determine if x-ray wave- 
lengths as recorded, based upon angular measurements with a calcite crystal, possess an appre- 
ciable error with wave-length due to a variation in the refractive index of the crystal. To this 
end the reflection angles for particular emission wave-lengths up to 5.5A are observed using a 
quartz crystal. These angles are combined with the recorded measurements of these same wave- 
lengths obtained with a calcite crystal. The value for log [Aecatcite/2 Sin Oquarte] when plotted 
with wave-length yields a curve with a discontinuity at a wave-length corresponding to the K 
absorption edge of calcium. It is shown that the shift in value of this ratio at the absorption 
edge is in the opposite sense to what would be expected from the generally accepted theory of 
refraction. A similar conclusion follows regarding the results of Siegbahn and Hjalmar in com- 
paring calcite and gypsum. The dispersion theories of Kallmann and Mark and Kronig account 
satisfactorily for the discontinuity as observed. 


8. The thermal motions of atoms in crystals. B. D. HoLBrRook, University of Chicago. 
(Introduced by A. H. Compton.)—The theory of the effect upon reflection of x-rays by crystals 
of the thermal motions of the atoms is reexamined, and an expression obtained for the distribu- 
tion of the atom-centers about their mean positions; this expression involves only quantities 
directly obtainable from measurements (1) of the reflecting power of crystals for x-rays, (2) of 
the scattering of x-rays by gases. The distribution function is evaluated for a particular case, 
using for (1) data on the reflecting power of KCI at two temperatures, and for (2) data on the 
scattering of x-rays from argon; the results show that the atoms possess considerably more 
translational energy than is predicted by the classical theory, thus indicating the presence of 
zero-point energy. 


9. The distribution of x-ray reflecting power in quartz crystals. CHARLEs S. BARRETT AND 
Cart E. Howe, Naval Research Laboratory, Washington, D. C_—In the study of the phenomena 
recently observed by Fox and Carr in piezoelectric quartz oscillators, Nishikawa, Sakisaka and 
Sumoto and independently ourselves, observed that non-oscillating crystals yielded Laue spots 
that were doublets, oscillating crystals yielded solid spots. This indicated increased reflecting 
power of the entire crystal due to a reduced extinction of x-rays in the crystal lattice during 
oscillation. Further photographs with improved conditions indicate that in general Laue spots 
from oscillating crystals have a fine structure. The nature of the fine structure is such as to 
indicate that the increase of reflecting power of a given plane varies greatly from point to 
point in the crystal. At a given locality in the crystal the reflecting power of different planes is 
increased in different amounts with a resultant intensity distribution unlike that obtained from 
ground surfaces, but resembling that obtained from a non-oscillating crystal under elastic in- 
homogeneous strain. The intensity distribution from ground surfaces is explicable as the result 
of randomly directed strains in the surface. It may therefore be possible, with observations 
such as these (or similar ones taken stroboscopically), to analyze the distortions throughout 
the interior of quartz oscillators and resonators and other inhomogeneously strained crystals 
of suitable perfection. 
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10. Diffuse scattering of x-rays from sylvine at low temperature. G. E. M. JAUNCEY AND 
G. G. Harvey, Washington University, St. Louis, Mo.—With a modification of the photographic 
method described by Claus the authors have compared the intensities of x-rays of wave-length 
0.43A diffusely scattered from sylvine at angles in the range 25° to 90° at a temperature of 90°K 
with the intensities at these same angles at a temperature of 300°K. Jauncey and Harvey have 
shown that the intensity of the diffusely scattered rays should be given by 


S=S'-—F/Z, 


where S’ is independent of the temperature and F is the atomic structure factor containing the 
effect of thermal agitation. By using James and Brindley’s F values at 90°K and 300°K the- 
oretical values of S at 90°K have been calculated. The experimental values of S at 90°K are 
lower than the theoretical values. This result is in accord with that found by Claus for rocksalt. 
Plotting log (S’—S;)/(S’—S»2), where the subscripts refer to the two temperatures, against 
(sin? ¢/2)/d* a straight line is obtained whose slope agrees with that required by the Waller 
and not the Debye formula for the temperature effect. It is impossible by means of this experi- 
ment to show whether or not there is zero point energy. In order to do this an assumption con- 
cerning the electron distribution in the atom must be made. 


11. Absorption of soft x-rays in air, oxygen, and argon. R. G. Spencer, The University of 
Chicago. (Introduced by Elmer Dershem.)—A crystal spectrograph of high resolving power for 
measuring absorption coefficients of soft x-rays in gases has been constructed. Absorption meas- 
urements have been made for air, oxygen, and argon for four spectral lines of wave-lengths 
1.537, 2.284, 4.145, and 6.973A, By using general radiation, absorption coefficients have been 
measured in the regions immediately adjacent to the A absorption limit of argon within 0.002A 
of the limit on each side of it. No departure from the ordinary absorption law greater than ex- 
perimental error was found in these regions. The magnitude of the A absorption discontinuity 
of argon has been measured by a method which does not depend upon the extrapolation of 
curves to the limit. The following table gives the absorption coefficients obtained for both 
spectral lines and general radiation. 


1.537A  2.284A 3.716A 3.8637A 3.8677A 3.9464 4.145A 6.9734. 








Air 9.54 29.3 168. 747. 
Oxygen 11.6 35.5 aa8 971. 
Argon BgZ. 344. 1320. 1465. 147. 131. 171. 762. 








12. The effect of temperature on the absorption bands of benzene and some of its de- 
rivatives at low temperatures. A. H. Croup, University of Pittsburgh.—The ultraviolet ab- 
sorption spectra of benzene and the derivatives, ortho, meta, and para dichlorbenzene, were 
investigated throughout the temperature range from —190°C to 20°C. The behavior of the 
spectra of the four compounds is very similar. They all show a number of unresolved major and 
minor absorption bands. Both the frequency and the intensity of these bands increase with a 
decrease of temperature. The temperature-frequency curves are all approximately represented 
by parabolic equations, except in the neighborhood of their melting points. The frequency dif- 
ference between the bands remain constant with temperature within the limits of the experi- 
ment and agree favorably with those found by other spectroscopic methods. If these frequency 
differences are due to the vibrational transitions within the molecule, this spectral shift due to 
temperature cannot be accounted for on the basis of a change in the inner vibrational terms, 
as has previously been suggested. A preliminary theoretical discussion based on a recent paper 
of Pauling, shows that this shift may be due partly to a perturbed rotational motion of the 
molecule. 


13. Band spectrum of potassium hydride. G. M. A-my anno C. D. Hause, University of 
Illinois.—The band spectrum of potassium hydride has been photographed with a glass-prism, 
E-—1 Hilger spectrograph. The source was a 220-volt d.c. arc in hydrogen at a pressure of a 
few mm of mercury. The spectrum obtained extends from 4100A to 5100A and is similar to 
the '—»! systems of LiH and NaH. A short-exposure plate on which the spectrum extends 

















AMERICAN PHYSICAL SOCIETY 179 


from 4300A to 4900A has been analyzed. The spectrum consists of nine overlapping bands be- 
longing to a single v’ progression. The assignment of vibrational quantum numbers cannot be 
made from the present data. w, (where x is simply the number of the band and differs by a con- 
stant integer from the true v’ +4) follows the relation: 


wz = 285.63 + 3.72x — 0.388x° — 0.0295x3 + 0.00354 
w, rises to a maximum (as in LiH and NaH) before falling off in the conventional manner. The 
rotational analysis shows, (1) that the bands consist of P and R branches only so that the sys- 


tem is doubtless due to a '2—>'* transition, (2) a great difference in the values of B and equi- 
librium distance (r,) for the upper and lower states. The constants obtained are: 


B,’ = 1.432 — 0.001x7 B” = 3.379 

D! = — 1.44 xX 107 D"” = — 1.7 X 107% 
F’ = 4.0 X 107-8 F” = 1.4 X 1078 

re’ 23.47 X 10-§ cm re’ 22.26 X 10-8 cm. 


14. Spectrum of strontium hydride. WiLL1AM W. Watson, Yale University, ano W. R. 
FREDRICKSON, Syracuse University.—A metallic strontium arc in a hydrogen atmosphere yields 
three groups of bands in the near infrared with main heads at 7020A, 7347A, and 7508A. Analy- 
sis shows that the latter two constitute a *II—*2 system with only the (0,0) and (1,1) bands, 
while the first group represents a transition from a higher *2 to the same ground *> level. 
Analysis of the (0,0) bands shows that the *II, *2 band is similar to that of BaH, the constants 
being A =299, Bo’’=3.620, Do’’=1.29X10—, Boy, =3.6787, po= —3.92, and go= —0.40, with 
all figures subject to slight correction. The very large negative po and go indicate interaction 
with the near higher-lying ?= level, and the corresponding large doubling of this level is ex- 
hibited in the structure of the 7020A band. This is much the largest doubling yet found in a ?= 
level. The relative positions of the *II and * levels in CaH, SrH, and BaH and the atomic levels 
of Ca, Sr, and Ba suggest - - - do for the upper ?> level. 


15. Spectrum of barium hydride. W. R. FrepRicKsoN, Syracuse University, AND WILLIAM 
W. Watson, Yale University. —High dispersion spectrograms have been obtained of a BaH 
band system in the region 6925—6380A, the source being a metallic barium arc in a hydrogen 
atmosphere. The (0,0), (1,1), and (2,2) bands only are present. Analysis of the (0,0) band shows 
the system to be the expected *II—?2 case a type with twelve branches in each band. The 
A-type doubling is large in the *II,2 state, but small and of opposite sign in the *II; state, giv- 
ing Po= +0.85 and go= +0.0067. The spin doubling is regular and gives yo= +0.186. Evalua- 
tion of the molecular constants from the 2AF term differences gives Bo’’ =3.404, Do’’= —9.61 
X10-; Bo,’4;=3.4468, Do,’43;=—1.13 10-4; Bo,’.y=3.5156, Do,’.4~=—1.20X10—. The 
separation of the two “II sublevels, calculated in the usual way, yields A =462, as compared 
with A =832 for the *P levels of Ba. A large perturbation in one of the *Il,j;¢ levels, and the 
sign and magnitude of the fo and go, indicate another lower-lying excited level for BaH. 


16. Heats of dissociation of Na; and K2, R. E. NusBaumM AnpD F. W. Loomis, University 
of Illinois——The apparatus constructed to produce the magnetic rotation spectrum of Li: 
has now been employed to study those of Naz and Kg, and in particular to extend the spectra 
to the high v’ levels of the excited state which are used in extrapolating towards dissociation. 
As with lithium, it is found that, near the limit, convergence takes place more rapidly than any 
simple polynomial extrapolation would indicate. For this reason Loomis’ previous estimate of 
the heat of dissociation of sodium (1.0 +0.1 volts) and Crane and Christy’s estimate for potas- 
sium (0.81 volt) were too high. The present measurements extend much further, coming within 
0.03 volt of the estimated dissociation in the case of sodium and within 0,02 volt in the case of 
potassium. The heats of dissociation measured from the zero level of the normal state are, for 
sodium 0.76+0.02 volt, for potassium 0.51+0.02 volt. The value for sodium agrees closely 
with the best evidence from chemical data. That for potassium is in accord with the fact that 
density measurements of potassium vapor do not show a measureable amount of molecules. 
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17. Absolute value of transition probabilities in band spectra. R. LApENBURG, S. LEvy 
AND G. WoLFSOHN, Kaiser-Wilhem-Institut f. physik. Chemie, Berlin-Dahlem.—By measuring 
anomalous dispersion near many lines of the red Lis_ bands we have determined the number of 
corresponding oscillators of the rotation lines. Calculating approximately the number of mole- 
cules in the rotational levels we find f-values of about 1/30-1/100 and transition probabilities 
(A-values of Einstein) of about 3108 On the other hand we get no effect on the dispersion 
near the Schumann band lines of oxygen (~. 1900A) at atmospheric pressure as measured with 
a fluorite interferometer. The transition probabilities of these lines are therefore relatively small 
(smaller than 10°). The absolute determination of the dispersion over the region from the visible 
to 1900A shows that the main absorption band of oxygen with high transition probabilities 
lies below 900A, as one would expect from the spectra of oxygen atoms and molecules. 


18. A new criterion for predissociation. JosEPH KAPLAN, University of California at Los 
Angeles.—From time to time the writer has reported some striking deviations from the inten- 
sity distributions predicted by the Franck-Condon principle. This phenomenon has been con- 
vincingly shown in the experiments of Lord Rayleigh and others on the afterglow of nitrogen 
in rare gases and also in the present writer’s experiments on the emission spectra of nitrogen- 
oxygen mixtures. An explanation of this phenomenon is of considerable importance because it 
provides an interpretation of the striking role of rare gases in many experiments on the excita- 
tion of molecular and atomic spectra. It is shown that the effect can be interpreted as a criterion 
for predissociation, which is especially valuable in cases in which the probability of predissocia- 
tion is not high enough to quench the emission bands completely, or to produce diffuseness in 
the rotational structure of the absorption bands. Experiments have been performed which show 
that predissociation is sensitive to excitation conditions. As a result of these experiments an 
explanation is obtained for certain astrophysical spectra in which the deviations from the pre- 
dictions of the Franck-Condon principle are so large as to make the identification of some of 
the bands difficult. 


19. The dissociation of nitrous oxide by light, and the electronic levels of O;, N,O and NO. 
OLIVER R. WULF AND EUGENE H. ME vin, Bureau of Chemistry and Soils, Washington, D. C.— 
Nitrous oxide in long paths has shown no absorption over the region 10,500A to about 2000A 
where the absorption previously observed by Leifson (Astrophys. J. 63, 73 (1926)) occurs. In 
the present work this has been observed to as long wave-lengths as 2300A. The absorption of 
this radiation leads to the appearance of the gamma bands of NO in absorption in the gas, and 
it is shown that the elementary act accompanying the absorption of this radiation is very proba- 
bly the dissociation of N.O into NO and N. Certain rather striking similarities are pointed out 
between the electronic levels of O2 and O;, and with this in mind, the electronic levels of N2O 
and NOs»: are discussed. 


20. The enhancement of the iodine absorption spectrum by the admixture of oxygen. 
F. W. Loomis ann H. Q. FULLER, University of Illinois —When oxygen at atmospheric pressure, 
or even a few centimeters, is added to a tube containing iodine, many of the iodine absorption 
bands are greatly enhanced. The effect is under certain circumstances so pronounced that a 
considerable change of color of the iodine is apparent. The enhancement is appreciable only 
for bands with v’>12 and begins at about this number in each of the progressions v’’ =0, 1, 2. 
It reaches a maximum at roughly v’=25 and thereafter decreases. The shape of this curve is 
very similar to that which Turner found for the quenching of iodine fluorescence by a magnetic 
field, and it is believed that the explanation of the effect is as follows: The oxygen, possibly 
by the magnetic fields of its *= molecules, relaxes the selection principle and allows the ex- 
cited iodine molecules with v’>12 to predissociate. This shortens the lives of such molecular 
states and correspondingly broadens the absorption lines leading to them. The effect of broad- 
ening a very narrow absorption line, at the center of which nearly 100 percent of the light is be- 
ing absorbed, is to increase the total amount of light absorbed. It is believed that this increase 
of absorption due to broadening offers a convenient means of locating and studying such in- 
duced predissociation effects. This phenomenon affords an explanation of Ramsauer’s apparent 
observation that admixture of oxygen not only quenched iodine fluorescence, but that it weak- 
ened the various lines of a fluorescence series unequally. Actually the effect was due to reabsorp- 
tion of the fluorescence lines while getting out of the iodine, this reabsorption being irregular 
along a fluorescence series, and being greater when oxygen was present. 
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21. Duration of afterglow in nitrogen. CHARLEs. T. Knipp, University of Illinois.—A 22-liter 
Pyrex flask was prepared with a stem about 2 meters long and about 70 mm diameter. On 
April 10, 1930, it was pumped out to free it of moisture, and then without further drying or 
outgassing it was primed with tank nitrogen and sealed off at a pressure which gave the best 
electrodeless discharge. The exciting coil was permanently wound round the stem about 20 cm 
from the bulb and consisted of 7 turns of heavy lamp cord (No. 10) taken double. The flask 
with its stem was energized by damped oscillations from a motor-generator high-voltage high- 
frequency set. The bulb thus prepared has been under observation over an extended length of 
time, and has been flashed (duration about 0.1 sec.) but three times since the initial flash, re- 
sulting in the following data: 


Total Duration of 
Date interval afterglow 
re rere re ee 0 days 35 min 
os eG be ee ivad tae 122 * 110 “ 
OS re Mb. 187 “ 
NS OSs nec ch wikrbdnk deine $33 * 165 “ 


Apparently the duration of the afterglow reached a maximum in about a year. The observations 
are to be continued. 


22. The Paschen-Back effect of hyperfine structure, I. Thallium II and thallium III. J. B. 
GREEN, Ohio State University, AND JOHN WuLFF, Massachusetts Institute of Technology.—The 
Zeeman effect of thallium spark lines has been studied at field strengths of 14,700, 32,500, and 
43,350 gauss with the 21-foot concave grating and large Weiss magnet of the University of 
Tiibingen. In particular, \\ 3092, 2531, 2298 and 5950 of TI II and 4110 of TI III show excep- 
tionally good agreement with Goudsmit and Bacher's theory of the Paschen-Back effect of 
hyperfine structure. \3092 is especially suitable as a test of the theory since it is the simplest 
example of this effect, being a transition from j=1 to 7=0 and involving a nuclear moment 
t=1/2, the smallest value yielding a hyperfine structure. 


23. The Paschen-Back effect of hyperfine structure, II. Bismuth II and bismuth III. 
Joun WeLrr, Massachusetts Institute of Technology, AND J. B. GREEN, Ohio State University.— 
As a continuation of the work on the spark lines of thallium, the spark lines of bismuth were 
chosen. The Zeeman patterns of these lines are much more complicated, since the auclear 
moment of bismuth is 9/2. In particular, the lines \A5719 of Bi II and 4561 and 3695 of Bi III 
were investigated because of the rather large hyperfine structures involved in the transitions, 
and the sharpness of their magnetic patterns. An excellent agreement between theory and ex- 
periment was noted. 


24. The polarization of mercury resonance radiation. L. LARRICK AND N. P. HEYDENBURG, 
State University of Iowa.—The polarization of the line \2537A of mercury in resonance radiation 
is calculated on the assumption that isotopes 199 and 201 have nuclear moments of 1/2 and 3/2 
respectively, while the even isotopes 198, 200, 202, and 204 have zero nuclear moment as 
Schiiler and Keyston have suggested (Naturwiss. 31, 676 (1931)). With “broad line” and 
“narrow line” sources respectively, resonance radiation excited by light polarized with the 
electric vector parallel to the magnetic field should be 85 percent and 89 percent polarized, in 
fair agreement with the observations of Olson 79 to 86 percent (Phys. Rev. 32, 443 (1928)), and 
von Keussler, 79.5 percent (Phys. Zeits. 27, 313 (1926)). Relative transition probabilities 
within a hyperfine multiplett are calculated on the assumption of L/S type coupling between 
J, Fand J. 


25. Polarization of cadmium resonance radiation. A. ELLETT AND L. LARRICK, University 
of Iowa.—The cadium resonance lines \A2288 and 3261A excited by unpolarized radiation in a 
magnetic field parallel to the exciting light beam are found to be 76 percent and 85-86 percent 
polarized respectively. From spectroscopic evidence Schiiler has assigned nuclear moments of 
0 and 3/2 to the even and odd isotopes of Cd. Separations in 2288 are small compared to 
Doppler breadth, while in 3261 the strong component of the 3/2 isotope pattern merges with 
the 0 isotope line. If we suppose that the introduction of spin does not change the net transition 
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probabilities between the gross levels concerned these polarization values both yield 2.5 for 
the ratio of abundance of even and odd isotopes. A recent calculation of C. D. Mitchell leads to 
other results, but is based on the apparently incompatible assumptions that intensities in the 
source are proportional to isotope abundance but in absorption are determined by assigning 
equal weights to Zeeman levels making absorption by the spin isotope twice that by the non- 
spin isotope for equal abundance and uniform spectral distribution, conflicting with Kirch- 
hoff’s law. 


26. A note on the origin of continuous cometary spectra. Witt M. Coun, A. D. Little, Inc. 
Cambridge, Mass.—Different theories concerning the origin of the continuous spectra of comets 
are discussed. The “solar type spectrum” with a maximum at 4700A may be explained by the 
reflection from particles contained in the comets large in comparison to the wave-lengths of 
the incident light. Laboratory experiments show that continuous spectra may be produced by 
bombardment of ions of different materials with electrons in high vacuum. A theory is de- 
veloped which assumes that electrons are emitted constantly from the sun. These electrons 
will give rise to the “violet type spectrum” (maximum at 4000A) and—in the tail at a great 
distance from the head—to the solar type continuous spectrum observed in comets. The polari- 
zation phenomena of the light emitted by comets are explained by the new theory. Continuous 
spectra of straight and curved tails are expected to differ in the shift of the maximum with grow- 
ing distance from the head. Band and line spectra observed in comets are assumed to be mainly 
excited by electrons emitted constantly from the sun. 


27. Inner vibrations in molecules from the Raman effect. Wittiam D. HARKINS AND 
Haro_p E. Bowers, George Herbert Jones Laboratory, University of Chicago.—The Raman fre- 
quency characteristic of a carbon-halogen bond is found in normal compounds to be independ- 
ent of the length of the chain between two and five carbon atoms. This indicates that the char- 
acteristic frequency is related to an inner and not to an outer vibration. A comparison of the 
values with those for the methyl compounds seems to indicate that the group which vibrates 
is the —CH2 group adjacent to the halogen atom. However this is affected by the constraints 
from and the vibrations of the other parts of the molecule. A not too distant branching of the 
chain reduces the frequency by about five percent. The force constants are calculated as 3.0 for 
the chlorice, 2.6 for the bromide, and 2.2 for the iodide, in 10° dynes per cm, which is much 
lower than the value of about 5.0 found for the single bonds C.C, C.O, and C.N. 


28. Effect of the target on breakdown in cold emission. WILLARD H. BENNETT, Ohio 
State University—A tube was used in which cold emission was drawn from a fine point to a 
plane. By means of a magnetic field, the electrons could be prevented from striking the anode 
in the vicinity of the cathode but the electrons could be forced to strike the anode in parts of 
the tube well removed from the cathode. After breakdown had been produced, by using unout- 
gassed electrodes, and the current had been made steady by reducing the electric field slightly, 
fresh ruptures of the cathode occurred whenever the magnetic field was changed to a value not 
previously used. The observations can be explained on the basis that breakdown is due to the 
rupture of the cathode surface by a highly concentrated stream of positive ions which is pro- 
duced by an initial small electron emission from a point on the cathode near where breakdown 
occurs, but not directly at it. 


29. A new method of determining thermionic work function by photoelectric cell. Roscor 
E. Harris, Lake Forest College-—A method of determining thermionic work function has been 
developed which uses a photoelectric cell to identify sameness of temperature. Change of fila- 
ment wattage upon emission was measured with potentiometer accuracy while the filament 
was maintained at a constant brightness temperature as indicated by the photoelectric cell. 
Simultaneous data were obtained for determining the work function from saturation currents, 
and compared with this latent heat method. The sensitivity was such that one mil change in 
emission current caused up to 50 mm deflection upon a galvanometer. This method gave con- 
sistent values somewhat higher than those obtained by saturation current method, the latter 
values being similar to those usually accepted. Calculation of the resistance of the filament 
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indicates an increase of resistance upon emission without change in temperature. The assump- 
tion of constant resistance may account for different values obtained by others with the latent 
heat method. Recent statistical theories indicate that the usually accepted values of the work 
function may be too small. The working equation used in this method seems to be independent 
of the statistical theory employed. 


30. The emission of positive ions from metals. H. B. WanLin, University of Wisconsin. 
—When a tungsten wire containing uranium dioxide was heated to a temperature of about 
1800° C three types of ions were observed by a magnetic deflection method, U+, W*, and an 
ion of mass 254+2. This is probably UO*. Assuming this to be the case it seems more proba- 
ble that an ion of mass 247 +2, which was observed when thoriated tungsten was heated and 
which has been reported earlier, is ThO*. An investigation of the positive ions from Cu and 
Ag has shown that at a temperature just below and persisting above the melting point, ions 
of the metals themselves are emitted. This characteristic ion current is small compared with 
that due to alkaline impurities. 


31. Spurious contact potentials and ‘‘trapped” electrons. W. B. NorrinGHam, Massachu- 
setts Institute of Technology.—The contact potential between a thoriated filament and a nickel 
collector has been observed to depend on the “history” of the current flow to the collector. This 
experimental result can be explained by assuming a potential barrier near the nickel surface 
following the mirror image law from infinity to within about 310-7 cm, joining a potential 
function with a minimum and a maximum following the Fowler- Nordheim theories of composite 
surfaces, an experimental test of which was reported at the Schenectady Meeting. Electrons 
caught in the potential valley are assumed to run over the surface as a two dimensional gas 
producing a change (Av) in the effective contact potential of approximately Av=4rned (n= 
number of electrons per cm*; d=width of potential hill separating electrons from metal). The 
valley is “populated” by allowing a large current to flow to the collector for a time assuming 
that a small number of electrons fall into the valley. Experimentally determined “mean lives” 
of electrons in the valley are t; =5,000 sec. and t2=200 sec. The formula, 


=1i/fexpse™ f amv — wart 
b= I/fexp)— J mc W))! dx, 


where (V—IV) is the difference between the electron energy and the potential function de- 
pending on x, and f is the number of approaches to the potential hill made by an electron per 
sec., can be used to calculate ¢ for any particular potential barrier. It has been found possible 
to construct a potential barrier of “atomic dimensions” for which the observed mean lives are 
the appropriate ones for the lowest and the next lowest “quantized” states in the valley. This 
theory explains certain changes in the current flowing in F P-54 pliotrons and many other results 
in experiments involving contact potentials. 


32. Electric oscillations in ionized gases—some remarks on their present theories. J. 
Kunz, University of Illinois —The frequency of oscillations in ionized gases is given by 


+++? = 4r(e?/m)N, (1) 


w being the frequency per 27 seconds, N the number of electrons per cm', e the charge, and m 
the mass of the electron. The theory of Sir J. J. Thomson and I. Langmuir and L. Tonks can 
be applied also to a gas containing mostly positive ions and finally to a gas containing positive 
and negative ions. Let E be the electric force acting in the gas, E= Eo cos wt, i be the current, 
t= Neu, where u is the velocity of the electrons, u = [Ee (wm) | sin wt, then t= N(Eoe?/wm) sin wt 
=I sin wt, where the amplitude of the alternating current 


IT = NEve?/(wm). (2) 
But from (1) and (2), Ne?/m=Iw/Eo=«*/4z, or 
w = 4rI/E>. (3) 


For a constant electric force Ey we see that the frequency is proportional to the alternating 
current J, We next assume that the density p of negative ionization over a distance / shall be 
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constant. Then we can write, w?=42pe/m, and E= —4rpwx = —dV/dx and the potential differ- 
ence V =2zpl?, or p= V/2x/? and w? = (2eV)/(mi*) = (2c/d)?, hence 
d = 2acl(m/2e)'?V-"?, (4) 


We compare this last result with the original wave-length determined by Barkhausen and Kurz 
for the short oscillations in three electrode tubes. They found that the oscillations could be 
explained by the assumption that individual electrons oscillate between the filament and the 
grid or the plate and that the corresponding wave-length A is equal to 

\ = 2cl(m/2e)'?V-¥?, (5) 
Their formula differs from (4) by a factor z. In this paper, I hope to offer further considerations 
regarding the coupling of these oscillations with external circuits. 


33. Electron oscillations in thermionic tubes. J. T. TyKociner Anp A. E. Apert, Uni- 
versity of Illinois. (Abstract withdrawn.) 


34. A thermionic frequency doubler. C. K. SrepMan, Purdue University-—The output 
voltage of a thermionic tube operated over a suitable restricted range of grid voltages may be 
represented approximately by the parabola ep = bo +e, +b2e,?. By adding in opposite phase the 
output of another tube, operated on the straight line portion of its curve, we may balance out 
entirely the term },e,, so that the characteristic of the combination of tubes is e. = bo+).e,*. The 
system will then operate as a frequency doubler, for the output is proportional to e,? alone. 
With a 201A tube an output of 0.175 volts of frequency 2f is obtained from an input of 1.0 
volts of frequency f. It is found that when the characteristic of the system is plotted, the curve 
is never a symmetrical parabola e.=bo+)2e,? over a very wide range of grid voltages, because 
the coefficient of the cube term in the equation of the tube characteristic is not negligibly small, 
and the equation must be written e, = bo+.e,? + ;e,. It is shown how the coefficient 6; may be 
determined by measuring the dissymmetry of the curve. Since b2 governs the amount of desired 
second harmonic, and }; the amount of third harmonic distortion in the output, a good figure 
of merit for the frequency doubler is }2/b;. With the tubes tested this quantity varied from 
45.0 to 6.0. In the case of the 201A tube mentioned above b:=0.35 and b; =0.0085. 


35. Automatic voltage control by means of a photoelectric cell. H. T. CLARK AND W. 
KOHLHAGEN, Purdue University —The method described by Lark-Horovitz and Sherman some 
time ago (Phys. Rev. 32, 328 (1928)) for regulation of voltage by the use of a photoelectric cell 
in connection with a mechanical device has been modified by using electrical control through- 
out. The photoelectric current is amplified by two stages of screen grid amplification directly 
coupled and a last power stage consisting of four 250 tubes in parallel. The plate current is 
used as a variable shunt across an external resistance in series with the field of a 500 cycle 
generator; and the potential drop across this resistance furnishes the plate voltage for the 
power tubes. The maximum plate current, using 175 volts drop across the power tubes, is about 
360 milliamperes—more than one third of the field current required for normal voltage output. 
The sensitivity reached is about 200 milliamperes for a change in light of 0.35 lumens. 


36. A new Wilson apparatus for the photography of alpha and beta-ray tracks. Davip M. 
Gans, WILLIAM D. Harkins, AnD D. A. WALLACE, University of Chicago, Dept. of Chemistry.— 
A large Wilson ionization chamber, 17 cm in diameter, has been constructed in this laboratory 
for operation at gas pressures from 4 cm of mercury to several atmospheres, in order to show 
the disintegration and synthesis of atomic nuclei and to give greater accuracy in the study of 
the quantum relations of the nucleus. In the design are included ideas developed by Wilson, 
Shimizu, Harkins and Ryan, Petrova, Hippel, and others. The action is entirely mechanical 
and periodic, and the principal feature is the fact that every important operation can be timed 
with considerable accuracy by a simple mechanism. The shutter which admits alpha-rays lies 
entirely within the chamber, and is operated accurately by two electromagnets that lie outside. 
This avoids surges in the gas, which have been the cause of considerable inaccuracy in earlier 
forms of apparatus that operated continuously. A pressure of one-half atmosphere is used to 
give greater accuracy in the measurement of angles than can be obtained at higher pressures. 
Still lower pressures may be used as easily, but lower the number of inelastic nuclear collisions 
obtained. 
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37. On the structure of vitreous oxides. W. H. ZACHARIASEN, University of Chicago.—Of 
all the different oxides X,,O, only a limited number have been prepared in the vitreous form. 
This fact can be explained on the basis of the hypothesis that the atomic arrangement in 
vitreous solids is characterized by extended three-dimensional networds that differ from the 
crystalline networks by the absence of periodicity and symmetry. We consider the oxides to be 
built up of oxygen polyhedra which are formed around the atoms X. The periodicity and sym- 
metry of crystals arise from the fact that the oxygen polyhedra share corners with each other 
in such a way that the polyhedra assume definite relative orientations. The formation of a 
vitreous solid thus will depend upon the nature of the polyhedra and the way in which they 
link together. In the case of individual oxides the conditions for the formation of glass can be 
expressed in the following simple rules: (1) Two polyhedra have not more than one corner in 
common, (2) An oxygen atom is linked to not more than two atoms X, (3) The number of 
corners in each polyhedron is small, probably less than six, (4) At least 3 corners in each poly- 
hedron are shared with other polyhedra. Only the following oxides satisfy these requirements: 
B03, SiOz, GeOz, P2Os, AsxO;. Some doubtful ones are P2O;, As2O3, V205, Sb20s, Cb205, Ta20s, 
Sb,.0;. Vitreous modifications have been observed for B2O;, SiOz, GeOz, P20, As2Os, As2Os, in 
excellent agreement with the derivation. Many properties of glasses can be accounted for on 
the basis of the hypothesis proposed. Investigations on the composition and properties of 
general types of glasses are in progress. 


38. On the detection of inhomogeneities in the magnetization of iron. FRANcis BITTER, 
Westinghouse Research Laboratory, East Pittsburgh, Pa~—A method has been developed for 
detecting inhomogeneities in the magnetization of ferromagnetic materials. This consists of 
allowing small permanently magnetized particles of FeO; (approximately 10 cm in diameter) 
suspended in alcohol to settle gently on a magnetized surface. At a certain critical magnetiza- 
tion the suspension settles in parallel straight lines whose direction varies from grain to grain. 
These lines are usually more or less perpendicular to the direction of magnetization. Within a 
single grain the spacing is regular and usually in the neighborhood of 0.1 mm. The lines do not 
turn when the direction of the field is changed, but gradually disappear and new sets of lines 
appear. It is improbable that they have anything to do with slip planes, first because they 
are not always perfectly straight, and secondly because they have been observed on the surface 
of a melted sample that was never subjected to any mechanical treatment whatever. For large 
magnetizations the lines degenerate into irregular spots elongated at right angles to the direc- 
tion of magnetization and do not stop at grain boundaries. It is suggested that the observed 
patterns are due to a periodicity inherent in the nature of magnetization. 


39. The Hall effect on induced currents in circular disks of bismuth and antimony. CARL 
A. Beck, Northwestern University ——Corbino (Phys. Zeits. 22, 561 (1911)) found this induced 
effect in bismuth. According to his theory, the quantity of electricity which flows radially is 
—(1/8rR)cySH?, where R is the resistance of the galvanometer circuit, and ¢ corresponds to 
the final field, H. Thus the equivalent change of flux in this circuit is N = (—cySH*)/8. On the 
other hand, K. K. Smith deduced the formula, N= —S, 4a fUcHdH. These expressions agree 
only if the coefficient ¢ is independent of H. Experiments on bismuth show that the value of 
the coefficient in the first formula is always greater than that derived from the second. For the 
coefficient decreases as the field increases, and the value calculated from the first formula corre- 
sponds not to the final field but rather to a weaker field. By using rectangular plates cut from 
the circular disks, one finds, with steady currents and steady magnetic fields, that the ratio of 
Hall coefficient to resistivity agrees more nearly with the coefficient derived from the second 
formula than with that from the first. In antimony the induced effect has been found. It is small 
and opposite in sign to that in bismuth. The coefficient decreases only slightly as the field 
increases. 


40. Supercooling liquid copper. J. J. HoprieLp, Chicago, Jll.—A striking example of super- 
cooling is provided by liquid copper. I know of no other case where this phenomenon is shown 
by the change in brightness of a body. The apparatus necessary is a glass rod (preferably 
Pyrex) with a globule of copper fused into it, and a blast lamp using oxygen. The demonstra- 
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tion is as follows: the glass containing the metal is heated until the copper is melted and then 
removed from the flame. If the copper sphere has a diameter of 2 mm or more it cools about 
40°C below its melting point, and then flashes bright remaining so while solidification is taking 
place. Under suitable conditions this supercooling of copper may furnish a handy reference 
point in calibrating optical pyrometers. After the initial flash there may be a weak second 
flash, probably due to copper oxide. The supercooling is greater for smaller droplets, and the 
flashing time is shorter. Supercooling in copper does not depend primarily on pressure for it 
occurs even at atmospheric pressure. It depends upon the purity of copper. Copper alloyed with 
about ten percent of gold or silver does not show it. Under the conditions studied neither gold 
nor silver shows the effect. 


41. Thermal expansion of electrolytic chromium. PETER HIDNERT, Bureau of Standards. 
— The linear thermal expansion of a 300 mm tube of electrolytic chromium prepared here by 
G. E. Renfro was investigated between 20 and 500°C. The composition determined by R. M. 
Fowler was as follows: Chromium 99.3, silicon 0.002, iron 0.002 percent, manganese, lead and 
copper not detected. Chromium produced here under similar conditions was found by H. C. 
Vacher to contain about 0.1 percent hydrogen. Further tests will be required to identify the 
remaining 0.6 percent in this material. During the first expansion test the chromium tube con- 
tracted considerably on heating to 500°C due to evolution of hydrogen. After cooling to 20°C, 
the tube was 1.1 percent shorter than before heating. The following coefficients of expansion 
were derived from the observations on heating in the second and third tests. 

















Temperature Average coefficients of expansion per degree centigrade 
range (°C aeons ee 
ge (°C) Test 2 Test 3 
x10 x 10-8 
20 to 60 6.2 5.9 
20 to 100 6.8 6.7 
20 to 200 7.5 7.5 
20 to 300 8.1 8.1 
20 to 400 8.5 8.6 
20 to 500 8.6 8.8 














E. L. Peffer found that the density of a duplicate tube of electrolytic chromium (before 
heating) was 6.93 g/cm? at 25°C. 


42. A gravitational explanation of the spectral shift of light from very distant stars. 
HERBERT J. BRENNEN, Northwestern University—In recent years, it has been found that, for 
light from very distant stars, the spectral shift towards longer wave-lengths is greater, the 
greater the distance of the star from us. It has been assumed that this shift is due to a Doppler 
effect but this leaves unanswered the question why all of the very distant stars should be re- 
ceding from us. However, by assuming nebulae of radii of hundreds of thousands of light years 
and having densities of the order of 10-?! gram per cubic centimeter, it is shown that the 
spectral shift can easily be explained as merely a gravitational effect and, moreover, equations 
are derived which show, as a first approximation, that the spectral shift is proportional to the 
distance of the star. 


43. The beryllium molecule. W. H. Furry anp J. H. BartTLeTT, Jr., University of Illinois. 
—The existence of a stable diatomic beryllium molecule has not yet been inferred either from 
band spectra or on theoretical grounds. By an application of the Heitler-London method, which 
gave good results for Liz, the writers have previously shown that two normal beryllium atoms 
repel each other (Phys. Rev. 38, 1615 (1931)). This work has been extended to the case in 
which a normal beryllium atom interacts with 4 beryllium atom having the configuration 
2s2p (1P and *P states). The K-shells have been neglected and a much more general notation 
than that hitherto used has been adopted. Even then however the calculation becomes so 
complicated that its extension to the problem of Be, where six electrons interact, does not seem 
practical at the present time. It is found that of the eight molecular states two may give rise 
to a stable molecule. The lower is a !Z, the other a II. The heat of dissociation for the 'Z is of 
the'order of two volts. 
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44. Corpuscular description of electron diffraction phenomena. R. M. LANGER, University 
of Minnesota.—It is generally not sufficiently emphasized that the particle interpretation of 
experiments on diffraction of electron and atom beams is simpler and more straight forward 
than the customary wave interpretation. The argument originally given by Duane for x-ray 
reflection applies equally well for any particles, and the modern conception of a solid justifies 
the assumption of Duane that momentum can be transferred only in quanta. With this assump- 
tion the application of the conservation of energy and momentum leads directly to the Laue 
reflection formulae. No wave properties of the impinging beams are relevant in any of the 
experiments thus far performed. This description has the advantage of clarity over the wave 
formulation especially when the explanations of surface effects, ordinary ruled grating reflec- 
tions and half order reflections are concerned. The patterns due to single molecules can also be 
treated without relying on any coherence or interference of the scattered electrons. Losses of 
small amounts of energy on reflection should occur with considerable probability but the ques- 
tion of their influence on the diffraction pattern has not yet been sufficiently studied. 


45. A further generalization in the kinetic interpretation of the Kelvin relations. E. A. 
UEHLING, University of Michigan. (Introduced by G. E. Uhlenbeck.)—The derivation of the 
Kelvin relations for the reversible heat development and the thermoelectric force in anisotropic 
crystals is shown to depend only on the assumption of the principle of detailed balancing. 
Previous treatments have been less general. The work of Nordheim is valid only for isotropic 
materials, and that of Ehrenfest and Rutgers depends on the assumption of elastic collisions 
between the electrons and the atoms of the metal. These restrictions are shown to be unneces- 
sary. These authors also use special methods of reducing the integral equation which determines 
the distribution function. In the general case these methods are impossible and prove to be 
unnecessary. Because of the principle of detailed balancing, the integral equation has essen- 
tially a symmetric kernel. By using the formal Fredhohn solution one can derive the electric 
and heat current equations and prove certain reciprocal relations, from which the Kelvin equa- 
tions follow. These conclusions may be considered as a substantiation in a special case of the 
very general considerations of Onsager. 


46. The impulse-energy tensor of the Dirac equations. O. Laporte anpG. E. UHLENBECK, 
University of Michigan.—Extending our considerations on the applications of the spinor analy- 
sis to Dirac equations (Phys. Rev. 37, 1380 (1931)), we have translated the results of Tetrode 
on the impulse-energy tensor into the spinor language. Starting from the second order Dirac 
equations, one can derive 


fi = aTi*/axe 


when f‘ is the four-force, and T** a tensor quadratic in the ¥ and their derivatives. 7“ can 
now be split up in the symmetric S“* and antisymmetric part A‘, and for the latter one can 
prove: 

Aim* = (Okm/dx') — (Ok; /dx™) 


‘ 


when A};,,* is the dual of A* and k,, the four vector, with components quadratic in y intro- 
duced by us (l.c. p. 1396). Thus we may write: 


f* = dS'**/ax* 


when now S** is a symmetric tensor, but with the diagonal sum not zero. The application of 
the spincr analysis has the advantage, besides giving the equations in an automatically co- 
variant form, that it is very easy to decompose any tensor 7“* into its irreducible parts. 


47. Anote on the uncertainty principle. E. L. Hitt, University of Minnesota.—Frenkel has 
suggested that one can interpret the uncertainty principle for one electron by saying that the 
magnitude of the momentum has a definite (i.e. the classical) value, but there is an ambiguity 
in the direction of motion. It has been found possible to rewrite the wave equation for motion 
in one-dimension in such a way as to show that this interpretation seems in agreement with the 
wave mechanics (when E2 V). The method lies in resolving the wave function into beams, 
one moving to the right and one to the left, each having the classical velocity. The electron 
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then moves with the classical velocity but it has a chance of being reflected at every point, 
thereby changing its direction of motion. The average drift of electrons is measured by the 
current which is the (vector) sum of the currents for the two beams, written in the classical 
form current =density X velocity. Application of the momentum operator yields the classical 
value for the magnitude of the momentum, the sign being opposite for the two beams. 


48. Electricity as a natural element of Riemannian geometry. CorNELIUs Lanczos, (Intro- 
duced by K. Lark-Horovitz, Purdue University.)—The gravitational equations Ry, =0, excluding 
singularities, give only a Euclidian geometry. For a more generalized geometry, according to 
the differential character of Riemann’s geometry we have to expect field equations for the 
fundamental quantity Ry. We can prove generally that if these field equations can be deduced 
from a Hamiltonian principle the integration of the field equations leads to the appearance of a 
free vectorial function ¢;. The mathematical reason for this fact is that the curvature tensor 
Rix has to obey the conservation law div (Rix —}Rgix) =0, besides the field equations. This 
additional condition gives a determination for the free vectorial function ¢;. If we select the 
Hamiltonian function by the natural idea of “guage-invariance,” this vectorial function ¢ 
seems to correspond in all its properties to the electromagnetic vector potential. The conserva- 
tion law is strictly fulfilled, the potentia! equation in a first approximation, and for the action of 
the field on a material particle we obtain in first approximation the Lorentz ponderomotive 
force. The antisymmetric tensor of the electromagnetic field-strengths appearing in this force 
law has otherwise no fundamental significance. 


49. 6 disintegration. ARTHUR BRAMLEY, Bartol Research Foundation.—The electrons in 
the nucleus are supposed to be either firmly bound to an a-particle or free to move about the 
a-particles similar to the bound and free electrons in a metal. The free electrons are prevented 
from leaving the nucleus by a potential barrier of height C and width d at distance a from the 
center of the nucleus. The energy of the electron E is supposed to be small compared with C. 
In 8-particle disintegration, an excited a-particle gives its energy « to the electrons by internal 
absorption. The electrons are distributed in the nucleus according to the Bose-Einstein law, 
that the number of particles with energy E, N(E) is 
ees F-dE 
N(EME = 

The probability P(£) of an electron of energy E leaving the nucleus is (Fowler and Wilson, 
Proc. Roy. Soc. A124), 


73/2 


P(E) A — e?#K Cera)” 
C 


so that the distribution of 8-particles after leaving the nucleus is 


etn. ee 
MEME nae i 


The probability of a 8-particle emission is 
f tapae (1984, 
0 


Thus the reciprocal of the mean life should vary as the 4.5 power of the energy of the 
excited a-particle. 

The assumption has been made in the derivation that the rest energy moc?<E. It makes 
no appreciable difference with the available data whether the Bose-Einstein or Fermi-Dirac 
statistics is used. 


50. On the physical nature of ponderomotive forces between living cells.—N. RASHEVSKY, 
Westinghouse Elect. & Mfg. Co., East Pittsburgh—It has been observed, that isolated living 
cells sometimes exert on each other forces of attraction or repulsion. It was also suggested that 
these forces are due to the action of certain substances whose concentration is non-uniform 
around the cell. According to Rhumbler, if a substance lowers the surface tension of the cell, 
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the cell tends to move in the direction of lower concentrations of the substance. In the present 
paper the problem is treated mathematically, from a more general point of view. An expression 
is derived for such forces, as would result on a small liquid drop, placed in a field of non-uniform 
concentration of a substance, which in general is assumed to be also soluble in the drop. This 
expression is composed of two terms, of which one represents the force, due to the influence of 
the dissolved substance on the surface tension of the drop. But the other term, which may 
even exceed the first, is independent on any surface phenomena, and represents a volume 
effect, due to the circumstance, that whenever the drop is brought from a region with one 
concentration into that with another, the concentration of the substance inside the drop 
changes also, and this is accompanied by a change in the free energy of the system. Some con- 
sequences of the formulae are discussed. 


51. Rotational analysis of the red K, bands. F. W. Loomis, University of Iilinois.—The 
plates taken by Loomis and Wood to determine whether or not the nuclear spin of K,** is zero 
have been measured and the (1,0) (1,1) (0,1) and (0,2) bands of the red Ke system have 
been analyzed. As expected, the system is found to belong to a 'II<-'S transition. The most 
important rotational constants are as follows: 

By’’ = 0.05611 r.’’ = 3.91 X 1078 a’’ = 0.000219 
By’ = 0.04812 r.’ = 4.22 X 1078 a’ = 0.000235. 


The relationships between the molecular constants show that all rotational levels, with both 
even and odd J, are present. Lines with odd J”’ are stronger than neighboring lines with J’’ 
even. Hence the conclusion of Loomis and Wood, that the nuclear spin of potassium is definitely 
not zero, is confirmed and it is concluded that the K*® nucleus obeys the Fermi-Dirac statistics. 


52. Oscillations in corona discharges. J. T. TyKocINER AND W. A. LANING, JR., Univer- 
sity of Illinois ——In continuation of the investigation reported at the Washington meeting 
May 1, 1931 (Abs. 49, Phys. Rev. 37, 1689 (1931)) an oscillographic study was made of oscil- 
lations in corona discharges produced by constant potentials within the range of 600-1500 
volts, 5-150ua and 2-30 mm Hg pressure. The discharge appeared mostly in form of beads on a 
wire at negative potential within a cylindrical anode. When the potential was gradually in- 
creased regions of regular oscillations (sine waves) followed in succession the regions of irregular 
oscillations (complex wave forms). The latter occurred during a state of transition of the dis- 
charge from a single bead to a double or multiple number of beads. By evaluating the oscil- 
lograms the following correlations were found for the frequency, superimposed corona current, 
pressure and amplitude in the region of regular oscillations. At constant pressure the frequency 
(3000-15000) is proportional to the d.c. corona current. The amplitude is a linear function of 
frequency, a linear function of superimposed corona current and a complex function of the 
pressure. At constant superimposed corona current the frequency increases with pressure. The 
rate of change Af/Ap increases linearly with pressure. At pressures below 2 mm Hg oscillations 
set in when the wire is at positive potential. Details of the investigation will be published in a 
bulletin of the Eng. Exp. Station, University of Illinois. 


53. The method of least squares. HERBERT J. BRENNEN, Northwestern University.—The 
ordinary method of least squares of finding the values of m of the n+1 coefficients (the »+1th 
coefficient being put equal to unity), of a linear equation in m variables, x, x2, - - * , Xn, 

do + ayxy + doxg + +++ +anx, = 0 (1) 
suffers from the fact that, in general, »+1 different solutions of the problem are obtained de- 
pending on which one of the »+1 coefficients is put equal to unity. Furthermore, the value of 
the sum of the squares of the so-called residuals is changed if the original equation is multiplied 
by a constant although the graph is unaltered; for this reason it is difficult to compare the 
different solutions obtained. If, however, we put: 

= TE? — (ae + a2+--++a,2) =0 (2) 
where LE;? is the sum of the squares of the residuals and \? is an undetermined multiplier; and 
carry out the minimization with respect to all the coefficients before assigning the value of 
unity to any one. This procedure gives us »+1 linear homogeneous equations in the »+1 un- 
known coefficients; the vanishing of the determinant of these equations permits the calculation 
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of the value of \?, the smallest (positive) value being chosen. Now we may equate to unity any 
coefficient we choose and solve any » of these equations for the other coefficients. Further- 
more, the value of \? is unaltered when the original equation is multiplied by a constant. 


54. Oriented molecules at the solid-liquid interface and the non-specific nature of ordi- 
nary adsorption. WILLIAM D. Harkins, George Herbert Jones Laboratory, University of Chicago. 
If a powder, whose grains have clean surfaces, is immersed in a liquid heat is evolved, about 

1 calorie per gram for many fine powders. With titanic oxide the relative values with different 
liquids are (data of Harkins and Dahlstrom) water 1.00 (absolute value 1.15 calories per gram), 
butyric acid 0.77, ethyl acetate 0.70, butyl alcohol 0.67, acetone 0.58, carbon tetrachloride 0.47, 
and benzene 0.34. With other powders of the nature of stannic oxide, zinc oxide, silicon dioxide, 
and barium sulphate, the relative values are approximately the same, except in individual cases 
(as zine oxide and an acid) in which it is known that a chemical reaction occurs. Thus the effect 
may be considered as due in general to non-specific or non-chemical forces. If an organic acid 
(or water) is added to benzene the heat of immersion of the powder rises rapidly until the heat 
evolved becomes almost as high as with the pure acid (or water) just as the monomolecular 
adsorbed film becomes tightly packed (Harkins and Gans). Thus when the amount of water 
present in the benzene is 0.03 percent the heat of immersion is increased by three times by this 
small quantity of water. Such monomolecular films produce very remarkable effects in connec- 
tion with the settling of powders in liquids, often reducing the volume to one-fifth of that 
occupied by the suspension when the monomolecular film is not present. The great effect of 
polar groups in increasing the energy of immersion shows that the molecules at the interface 
are oriented with their polar groups toward the solid and the nonpolar groups toward the liquid. 


55. Comparison of cosmic rays in the Alps and the Rockies. A. H. Compton, University 
of Chicago.—-With a pressure ionization chamber built by R. D. Bennett and used by J. C. 
Stearns and the writer for cosmic-ray measurements on Mount Evans in Colorado, similar 
measurements have now been made at the high altitude research laboritory at Jungfraujoch, 
elevation 11,380 feet. The ionization due to the cosmic rays is found to be the same, within a 
probable experimental error of 2 or 3 percent, as that at the same altitude on Mt. Evans. At 
both locations the cosmic radiation was compared with the gamma-rays from a milligram of 
radium as a standard, and the effect of local radiation was determined by measuring the ionza 
tion when the chamber was shielded successively by 2.5 cm of copper, an additional 2.5 cm of 
lead, and 5 cm of lead. The zero point of the chamber was determined at both locations by meas- 
urements in tunnels. The absolute value of the ionization is in close agreement with that re- 
ported by Millikan for similar altitudes. 


56. Fine structure of the visible bromine bands. WELDon G. Brown National Research 
Fellow, University of Chicago. (Introduced by R. S. Mulliken).—A group of bands (from v’=7 
to v’=13, v’’=2, 3 and 4) in the main absorption band system of bromine (Br."*:*') have been 
analyzed and found to consist of P and R branches only. Branches of the less abundant mole- 
cules, Br,7* and Br,%!, showing alternating intensities, have been recognized in several cases, 
thus permitting an accurate calculation of vibrational isotope shifts. This has confirmed the 
quantum numbering previously deduced by the writer from measurements of band heads. 
Values of the constants of the Br.7*-*! molecule are as follows: 


B,’ =0.08091 B,’ =0.05956 
a’’ =0,00028 a’ =0.00063 
T,’’ =341.9 X 10-° I,’ =464 X 10-* 
re’ =2.28A re =2.65A. 


57. The lens effect of pressure windows. THoMAs C. PoULTER AND Cart Benz. Jowa 
Wesleyan College—The lens effect of high pressure optical systems involving glass or quartz 
windows has been studied and found to be due to four primary causes: 1st, pseudo lens effects 
due to temperature gradients following changes of pressure; 2nd, bulging of the outer surface of 
the pressure window; 3rd, pseudo lens effect due to unequal distribution of strain in the window; 
4th, the difference in index of refraction of the material in the cylinder and that of the window 
combined with the bulging of the inside surface of the window. These effects are measured and 
methods for their correction outlined. 
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